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CHAPTER 1. INTRODUCTION 
1.1 Background 
1 .1.1 Seismic Design of Precast Buildings 
Precast concrete has the economic potential for being the leading construction 
material of the next century. As robotics and computer integrated manufacturing evolve, 
costs of factory fabricated structural elements will continue to reduce. If labor costs at the 
site continue to rise, shifting of construction operations from the field to the factory will 
result in significant savings for constructed works. Despite this potential, development of 
the precast concrete industry in the United States has lagged behind that of other countries 
in recent times. One reason for this is the slow acceptance of precast concrete elements as 
the lateral-load resisting system in buildings located in areas of high seismicity. 
As terrible performance examples of poorly engineered structures (such as 
observed in the 1988 Armenian earthquake) continue to be exposed, the public image of 
these structures will degrade further. However, if more becomes known about seismic 
performance through research, improved structural design methods can evolve and the 
acceptance of this construction form will increase. 
1.1.2 Overview of PRESSS Program 
The National Science Foundation program on Precast Seismic Structural Systems 
(PRESSS) is investigating methods for improving the seismic resistance of precast 
concrete buildings. Research is being done to verify that the seismic integrity of precast 
concrete construction can be made equal to, or better than, that of monolithic, cast-in-
place concrete construction. Information is being developed that will be used to formulate 
new and innovative methods of constructing earthquake-resistant precast structural 
systems. 
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Ultimately, new building code approaches will be developed and proposed based 
on PRESSS research. Laboratory tests of large-scale precast assemblages have been done 
at the Universities of Minnesota, Texas and California at San Diego, and the National 
Institute of Standards and Technology. These tests have examined nonlinear behavior of 
beam-to-column connections when subjected to repeated and reversed loadings. New 
computer programs have been developed at the University of California at Berkeley that 
simulate dynamic response of building systems constructed of precast concrete 
components with similar force-deflection characteristics as the large-scale laboratory 
specimens. 
The research described in this report was intended to link directly into the overall 
PRESSS scheme. The research strengthens the analytical modeling effort by providing 
experimental verification of the dynamic response of precast structural frame systems. 
Two reduced-scale test structures were subjected to simulated earthquake motions on a 
shaking table. The structural systems were constructed using the same connection details 
that were tested at a large scale at other institutions. Computational models previously 
developed through PRESSS were used to compute dynamic response of the frame 
systems. In addition to the dynamic tests of systems, reduced-scale replicas of large-scale 
components tested by others were tested statically. This was done to provide input for 
dynamic analysis models as well as to verify scaling relations. Computed response was 
correlated with measured response to validate the PRESSS numerical models. 
1.2 Object and Scope of Research Project 
1.2.1 Overall Purpose 
The purpose of the study was to develop and/or verify methods of analysis for 
nonlinear dynamic response of precast concrete building systems. Newly developed 
computational models such as DRAIN-2Dx were verified by correlating results with 
measured response of two physical models tested on a shaking table. Simplified methods 
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of calculating nonlinear dynamic response and ultimate strength of precast systems were 
developed through observations made using the numerical and physical models. Results 
of this study were used to help extrapolate component behavior observed in large-scale 
PRESSS experiments to design of actual building systems. 
1 .2.2 Focus of Research 
The research focused on frame systems. Frame systems were selected because 
relations between system response and component behavior are sufficiently intricate to 
warrant verification of numerical models. Two, one-tenth scale precast concrete building 
systems were constructed and subjected to simulated earthquake motions on a shaking 
table. Each reduced-scale building system was six stories tall and consisted of two 
parallel frames. Each frame was two bays wide, and comprised twenty four beam-to-
column connections where nonlinear behavior was expected to occur. 
1.2.3 Types of Precast Structures Studied 
Dynamic response of two different types of precast frame systems was studied. 
Both structural systems were modeled after concepts developed and tested statically 
during earlier phases of the PRESSS program. Connections in the first test structure were 
representative of the ductile connections between precast elements tested at the 
University of Minnesota and University of Texas (French and Kreger, 1992), and 
consisted of tension and compression yielding of bolts coupling the beams to the 
columns. The second test structure was modeled using the concept of unbonded 
prestressed connections tested at the National Institute for Standards and Technology 
(Cheok, Stone and Lew, 1992), and the University of California at San Diego (Priestley, 
1992). 
The force-displacement histories of the two test structures were intended to be 
vastly different. Behavior of the first structure was designed to be nonlinear and inelastic 
while behavior of the second structure was designed to respond in a nonlinear and yet 
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essentially elastic manner. These two systems were chosen to reveal a wide range in 
system dynamic properties so that dynamic response computational models could be 
verified with a stringent test. 
1 .2.4 Static Component Tests 
In addition to the dynamic tests of superassemblages, static tests of reduced-scale 
subassemblages were done to provide correlations with the large-scale components tested 
by others. Loads were cycled in a prescribed pattern of progressively increasing peaks so 
that generalized hysteretic relations could be determined. With this information and 
measured base motions, dynamic response of the two test structures were computed, and 
correlated with measured response of the shaking table test structures. Results from the 
static tests were also useful for verifying numerical methods for nonlinear dynamic 
analysis since the hystereis relations could be identified experimentally. 
1.2.5 Development of Simplified Analysis Methods 
Because another task in the coordinated PRESSS program was involved with 
development of computational models, this effort was focused at utilization of previously 
developed analytical models rather than on new model development. Response histories 
were calculated with the DRAIN family of computer software. Since the reduced-scale 
test structures responded within a single plane, only the two dimensional version of 
DRAIN was used. 
In addition to discrete nonlinear modeling, measured dynamic response was 
studied for trends that may suggest simplifications in present methods of analysis and/or 
design of modern precast concrete buildings. The suitability of several simple and 
approximate methods of dynamic analyses was confirmed by making correlations with 
the test data, and multi-degree-of-freedom, nonlinear computational models. 
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1.3 Justification and Impact of Research 
If all the resources were available that were wished, a large number of actual 
buildings could be instrumented, and shaking tables could be large enough to test 
specimens of actual size with true earthquake motions. Many traits of nonlinear dynamic 
response could be examined with great confidence, and the potential of precast concrete 
could be realized all the more easily. However, this is not the case. With present facilities, 
testing is limited to full-scale tests at static loading rates, or tests of reduced-scale models 
at dynamic rates on shaking tables. The later form of testing was done for this project 
because it is by far less expensive, and could be used for a direct validation of numerical 
models that compute nonlinear dynamic response. 
Though the physical models were not at full-scale, they did provide a necessary 
proof of the accuracy of the numerical models as well as a convincing demonstration that 
a properly engineered precast structure can respond in a suitable manner as intended. 
Results of this research can impact the understanding of how precast concrete 
building structures resist all levels of earthquake intensity. The accuracy of computational 
models can be enhanced through correlations with measured dynamic response of actual 
physical systems. The applicability of future building code specifications can be tested 
with the only measured dynamic data that will be available until a major earthquake 
strikes an urban area and buildings are instrumented beforehand. 
Development of simple computational models through laboratory observations is 
perhaps the most important product of an experimental investigation. Newly developed 
simplified models for estimating nonlinear dynamic response of actual buildings will be 
accepted more readily by structural engineers than more complicated models because of 
their ease of understanding and use. Thus, results of the shaking table tests will have an 
impact on implementation unique to other forms of experimental research in earthquake 
engineering. 
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1.4 Previous Research 
Little experimental test data exists on large-amplitude dynamic response ,of 
precast 'concrete building systems which are typical of U.S. building practice. One of the 
few studies was done at Drexel University (Muskivitch and Harris, 1979) in the late 
1970's using small-scale models of precast panel buildings which were excited with an 
electro-magnetic shaking table. This was an initial effort that was not continued, and is 
limited because of the small scale and the nonrepresentative form of the input motion. 
At the Building Research Center in Iasi, Romania, Daniel Diaconu has been active 
In testing full-scale precast building systems on a water-supported shaking table 
(Diaconu, et. aI, 1985a and 1985b). His test specimens inchJded a full-scale two-story 
building; a half-scale, four-story building; and a quarter-scale ten-story building. Many of 
the specimens were industrial-type buildings and all were constructed of typical 
Romanian practice (mostly panel type structures). 
In a cooperative research program, three, one-third scale, three-story precast panel 
systems were tested on the shaking table at the University of California at Berkeley (Oliva 
and Clough, 1983) and corresponding pseudo-dynamic tests were performed at the 
Institute of Earthquake Engineering and Engineering Seismology in Skopje, Yugoslavia 
(Oliva, Clough, Velkov and Gavrilovic, 1988). The test structures were models of large-
panel systems common in Yugoslavia. 
One full-scale, five-story precast test structure was tested statically in Bogota, 
Colombia by the Unversidad de los Andes and a local precast concrete association 
(Proyectos y Disenos, 1989). Principal damage was sliding along panels as a result of 
lost frictional forces. Again, extrapolation to U.S. practice was difficult because of the 
different construction techniques. Furthermore, since the tests were static, curiosity still 
remains regarding what would the dynamic response of such systems be. 
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The major difference between these previous experimental studies and the 
proposed research is the type of precast system investigated. The focus of the earlier 
investigations was on panel systems representative of local construction practice, whereas 
the research reported herein examines response and behavior of frame systems. 
Moreover, such systems represent new structural concepts which have promise for 
efficient energy dissipation by confining nonlinear behavior to the connections between 
beams and columns. 
1.5 Contents and Organization of Report 
The report is divided into six chapters. An outline of experimental work is 
provided in Chapter 2 which contains descriptions of the two test structures, and 
construction and testing procedures. Test methods and results from the static tests of 
reduced-scale beam-to-column assemblages are presented in Chapter 3 and Appendices B 
and Y. Measured response is presented in Chapter 4 and Appendices C through X. 
Waveforms of measured displacement, acceleration, story shear and overturning moments 
are provided in addition to response and Fourier spectra of measured motions. 
Comparisons between measured dynamic response and calculated response using 
simplified methods of analysis are discussed in Chapter 5. Summaries and conclusions 
from the research are given in Chapter 6. 
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CHAPTER 2. EXPERIMENTAL PROGRAM 
Two six -story precast concrete frame structures were constructed for the sole 
purpose of testing to failure with simulated earthquake motions. The reduced-scale test 
structures were subjected to a series of progressively increasing earthquake simulations to 
examine dynamic response at various states of behavior. Beam and column members 
were cast individually, and connected with either steel bolts or prestressing bars to 
develop frame action for lateral-force resistance. This chapter provides a detailed 
description of the test structures, a summary of the design procedures, and an overview of 
the testing program. Additional details regarding material properties and construction 
procedures are presented in Appendix B. 
2.1 Description of Test Structures 
2.1.1 Overall Configuration 
Each of the two test structures consisted of two identical planar frames that were 
placed parallel with the direction of the input motions. The frames were connected with a 
series of concrete floor slabs at each of the six levels as shown in Figures 2.1 and 2.2. The 
bay widths (915 mm) and story heights (437 mm for first story and 396 mm for others) of 
each frame were the same for each test structure. 
Individual concrete slab panels were connected to each of the three columns of a 
frame to simulate a representative, tributary gravity force distribution. A single 25-mm 
diameter bolt placed through a tight-fitting sleeve embedded in the column concrete 
transferred both gravity and lateral forces to each column member. As a result, beam 
spans were not subjected to shear forces from gravity loads. Slab weights were 
proportioned such that the axial load in the internal column would be twice the axial load 
in the external columns. Actual slab weights are given in Table 2.1. 
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The slab segments were joined with steel plates secured on the top and bottom 
surfaces of each segment to prevent individual rotation of each segment. Slotted holes in 
these connection plates permitted longitudinal elongation of the beam members. 
Individual columns were cast in a single six-story length. All column sections 
were the same size and shape (107 mm deep by 91 mm wide), and reinforced with one 
No.3 deformed bar in each comer. Continuous spirals fabricated from smooth No. 13 
gage wire were used for transverse column reinforcement. 
A mechanical device (Figures 2.3 and 2.4) consisting of a single horizontal bolt 
and steel angles welded and bolted to the simulator platform was used to simulate a true 
pinned connection at each column base. This simple boundary condition was used so that 
nonlinear system behavior would be attributable to behavior of only the beam-column 
connections. Also, the axial force developed in the exterior columns due to overturning at 
the base could be estimated more simply without having to estimate a column fixed-end 
moment. 
2.1.2 Test Structure Types 
The first specimen was designated DB to represent the dog-bone shaped beam 
members (Figure 2.5). At the middle of a beam span, sections were 81 mm deep by 61 
mm wide. The depth of the beam was increased to 157 mm at their ends to provide a 
haunch for bolting. A ductile steel rod at the top and at the bottom of each beam 
anchored beam members to column members. These connections were designed to yield 
in tension and compression when the structure was subjected to earthquake loading, and 
thus provide a nonlinear, inelastic type of behavior. 
The second specimen was designated PT to represent post-tensioned connections 
between the beams and columns (Figure 2.6). Steel rods passed through ducts in the 
beams and columns, and were stressed in tension to provide the necessary contact stress 
at beam ends. The post-tensioned rods were anchored at the exterior face of the exterior 
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columns, and were not bonded to the beams. The beams were 122 mm deep by 61 mm 
wide along their entire span. As the post-tensioning stress was relieved during 
earthquake loading, softening of the structure was expected. Because yielding of the 
post-tensioning bars was not expected for moderate intensity motions, a nonlinear, but 
elastic behavior was anticipated. 
2.2 Specimen Design 
Moment-resisting frame systems were selected for the test structures so that 
relations between hysteretic behavior of beam-column assemblages and response of 
building systems could be examined. Large-scale versions of both the dog-bone and 
post-tensioned connections had been tested as part of the PRESSS program at other 
institutions (French and Kreger, 1992 and Priestley, 1992). The shaking table test 
program at lllinois provided a unique systems-oriented investigation that integrated 
results of these other test programs. 
A six -story frame was chosen to reveal higher mode effects. A two-bay frame was 
selected to examine behavior of a system with both interior and exterior beam-column 
joints. Member sizes and span lengths were taken to be representative of precast 
concrete building systems constructed in California. The approximate scale was one in 
ten. Reinforcing ratios for beam and column members were maintained at typical values 
for the reduced-scale systems. 
When appropriate, dimensions were scaled directly from the counterpart large-
scale component tests done elsewhere. Connection details were also modeled from these 
large-scale tests to mimic general force-deflection relations. Static tests of reduced-scale, 
beam-column assemblages were done to verify modeling of these hysteretic relations. 
Results of these tests are presented in Chapter 3 and in Appendices Band Y. 
Issues related to the design of the individual specimens are discussed in the 
following sections. 
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2.2.1 Specimen DB 
Design of the dog-bone connections was based on static tests done by Kreger at 
the University of Texas. The connections relied on ductile steel bars to yield in both 
tension and compression when the structure was subjected to strong base motions. 
Details of a typical interior joint for test structure DB are shown in Figure 2.5. 
Deformed #4 bars were used as the ductile link coupling the beams to the columns. A 
horizontal bar was embedded in the columns to align with the top and bottom beam 
haunches at each story level. Steel bars extended beyond the column faces for connection 
of beam members. Bars were turned down over a 25-mm length at the interface between 
the beam and the column. Because yielding of the connector was expected in this region, 
the diameter of this portion was varied over the height of test structure (6 mm for the 
lower three stories, and 5 mm for the upper three stories). The end of the bar was also 
turned down and threaded at its end for placement of a nut. 
Beam longitudinal reinforcement was proportioned so that beam flexural strength 
exceeded the moment strength reSUlting from yield of the steel coupling bars. For the 
lower three stories, three No.2 bars were placed along the top and bottom faces of the 
beams. For the three upper stories, the number of bars was reduced to two to match the 
reduction in the diameter of the coupling bars. Longitudinal beam reinforcement was 
anchored with 5-mm thick plates that were welded to the bar ends. Transverse beam 
reinforcement- was provided (No. 15 gage wire) such that the nominal shear strength of 
the beams at any location was greater than the nominal flexural capacity. 
Additional reinforcement fabricated from No. 13 gage wire was placed in the 
haunches of the DB test structure. Other details of reinforcement were based on results of 
the static component tests discussed in Chapter 3. 
The design of test structure DB was confirmed with results of a push-over analysis 
done using the DRAIN-2DX computer program. "Hammer type" beam-column 
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connections were used to represent tension-compression yielding of the dog-bone 
assemblages. This analysis indicated that yielding of the first steel coupling bar would 
occur at a top-level lateral drift equal to approximately 1 % times the frame height. 
According to these computations, yield of the couplers was expected to occur at all six 
levels before yield of anyone column or beam reinforcing bar. 
2.2.2 Specimen PT 
Design of the post-tensioned connections was based on static tests done by 
Priestley at the University of California at San Diego. The connections relied on a 
prestressing force to compensate flexural tensile stress in the beams developed during 
earthquake excitation. 
Details of a typical interior joint for test structure PT are shown in Figure 2.6. 
Two continuous II-mm diameter rods ran parallel to the axis of the beams at each level. 
The rods were unbonded within the tendon ducts and threaded at their ends. The rods 
were not intended to yield during moderate earthquake intensities. However, results of 
preliminary static connection tests (see Chapter 3) indicated that the prestressing rods 
fractured at the location of the first thread. To alleviate this condition, a short length of 
the rod was reduced in diameter to establish a link weaker than the section at the threaded 
ends. The size of the prestressing rods was the same at all six levels. Before each 
earthquake simulation, the amount of prestressing force in each beam was adjusted such 
that it was the same at all six levels. 
Longitudinal beam reinforcement consisted of two No.2 bars on the top and 
bottom of each beam. Transverse reinforcement was provided such that the nominal shear 
strength of the beams at any location was greater than the nominal flexural capacity. 
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2.3 Construction Procedures 
One column and four beam members were cast from the same batch of concrete. 
Six such groups of members were cast sequentially over a three-week period. Reduced-
scale aggregate concrete was used with average compressive strengths ranging from 34.2 
to 57.0 MPa for the six batches (see Appendix B). 
Each frame was assembled in a horizontal position. The center column was 
secured to a temporary fabrication platform, and beam members were placed on either 
side of the center column. The exterior columns were pushed into place to complete the 
frame. Each frame was then lifted to the upright position and placed on the earthquake 
simulator platform. The concrete slabs were then positioned at the correct height with 
screw jacks, and bolted to the columns. 
For test structure DB, an epoxy paste was spread over the ends of the beams 
(approximately 6~mm thick) before joining the beam and column members together. The 
steel coupling bars were stressed slightly by tightening nuts against the haunch faces. A 
high-strength epoxy grout was injected into the ducts surrounding the coupling bars 
through a port hole in the haunches. The grout anchored the steel couplers into the 
surrounding concrete. The reduced-diameter portions of the couplers were covered with 
tape to prevent the surface from bonding with the grout. 
For test structure PT, a slow-set hydro stone paste was troweled over the beam 
ends (approximately 6-mm) before assembling. This material had a very low tensile 
strength, and was not relied on to bond the beam and column members together. The 
continuous post-tensioning rods were threaded through the ducts in the beam members 
while the frame was horizontal. Tensile forces were developed in the rods by tightening 
nuts at the ends of the rods. 
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2.4 Testing Procedures 
Each of the two test structures was subjected to an array of base motions of 
progressively increasing intensity. Measured response was examined between test runs to 
discern variations in stiffness, frequency, amplification of base accelerations and other 
dynamic characteristics. Locations of cracks and spalled concrete were noted as testing 
proceeded. 
The condition of each test specImen was monitored before each earthquake 
simulation by measuring its natural frequency in low-amplitude free vibration, and 
inspecting for damage. The test structures were excited in free vibration by pulling them 
at the roof level with a constant force of 1560 kN and releasing. Measured response at 
the roof level during these pull-back tests provided the necessary information to identify 
dynamic characteristics. 
2.5 Simulated Earthquake Motions 
2.5.1 Hardware 
The University of lllinois earthquake simulator (Figure 2.7) was used to excite the 
test structures. The test structures were bolted to the 3.7-m square platform which was 
supported by four, 810-mm high rocker arms. Fixtures were fabricated for bolting each 
test structure to a 305-mm grid of 13 mm diameter threaded bolt holes. 
The earthquake simulator was driven by a 334 kN hydraulic actuator. The 
actuator was supplied by two 21 MPa hydraulic pumps with a total flow capacity of 340 
lpm. The actuator velocity limit of 343 mm/sec was increased to 432 mmlsec with two 
nitrogen accumulators. The displacement limit of the actuator (±50 mm) was adequate 
for the scaled base motions. 
An instrumentation datum tower was secured to the simulator platform so that 
lateral deflections relative to the base could be measured. 
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2.5.2 Input Motions 
Each test specimen was subjected to a series of simulated versions of the north-
south component of the earthquake motion measured at EI Centro, California in 1940. 
The intensity of the ground motion was varied in successive runs so that various states of 
behavior could be examined. 
The original wave form of the earthquake motion was compressed by 2.S times so 
that frequencies of the reduced-scale test structure could be excited by the base motion 
with similar amplifications as would an actual building subjected to this recorded motion. 
This compression decreased the time step between data points from 0.02 seconds to 0.008 
seconds. Frequency components below 2.S Hz were filtered out in order to meet the 
displacement and velocity demands of the earthquake simulator. 
The earthquake simulator was controlled using MTS' s Seismic Test EXecution 
(STEX) software. This software was run on a DEC Vaxstation II1GPX. 
2.6 Instrumentation 
During each earthquake simulation or test run, absolute accelerations were 
recorded in the longitudinal direction at each of the six levels for each of the two frames 
(Figures 2.8 and 2.9). Accelerations were also recorded at the base of each frame to 
provide an accurate depiction of the input motion. In addition, transverse accelerations 
were recorded at the sixth level to detect torsional or out-of-plane motions. 
Eighteen Endevco piezoresistive accelerometers and one Kulite accelerometer 
were used. The Endevco accelerometers were calibrated to a range of ±Sg producing a 
resolution of O.OOSg. For test run DB 1 (the first run for test structure DB) and all of the 
free vibration runs, the range was decreased to ± 19 producing a resolution of O.OOlg. The 
Endevco accelerometer signals were conditioned, amplified and filtered before they were 
sent to the MTS analog/digital (AID) converter. The Kulite accelerometer was mounted 
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to the earthquake simulator platform and was used as a control signal. The signal from 
the Kulite accelerometer was sent directly to the MTS controller where it was 
conditioned, amplified and filtered. 
Lateral deflections were recorded with displacement transducers fixed to the west 
end of the beams at each level of each frame (Figure 2.9). Eight Schaevitz AC LVDTs 
and four Collins AC L VDTs were used. Four of the Schaevitz LVDTs were calibrated to 
±51 mm producing a resolution of 0.03 mm while the other four were calibrated to ±76 
mm producing a resolution of 0.04 mm. The four Collins L VDTs were calibrated to 
± 127 mm producing a resolution of 0.07 mm. The twelve AC LVDT signals were 
conditioned and amplified before being sent to an analog-to-digital converter. 
For test structure PT, axial forces in the post -tensioning rods were measured at 
each level of the north frame with load cells that were placed on one end (the east end) of 
the prestressing bars (Figure 2.10). The load cells were calibrated to a force of 89 kN 
prior to the shaking table tests. The load cell signals were conditioned and amplified 
before being sent to an analog-to-digital converter. 
On one of the frames (the north frame), displacement transducers were attached to 
the central column at each story level (Figure 2.11) to measure any separation between 
the beams and column. This was done for both test structures using twelve Trans-Tek 
DC L VDTs. Ten of the transducers had a range of ± 1.3 mm with a resolution of 0.006 
mm while the other two had a range of ±2.5 mm with a resolution of 0.01 mm. The DC 
L VDT signals went directly to the analog-to-digital converter without conditioning or 
amplificati on. 
Electrical signals from the instruments were digitized at a rate of 200 points per 
second during run time using a Micro VAX computer system with proprietary MTS 
software. Data were stored on hard disk and subsequently transferred to a personal 
computer for data reduction. 
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Longitudinal displacements and accelerations were defined as positive for motion 
towards the east. Transverse accelerations to the south were defined as positive. 
Displacements measured across beam-to-column interfaces were defined as positive when 
openings occurred. Post-tensioning forces were defined as positive when in tension. 
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Weight (kN) 
Level East Center West Total Tributary 
Slab Slab Slab Slab Frame Total 
6 2.05 3.69 1.96 7.70 0.93 8.63 
5 2.00 3.60 1.96 7.56 1.02 8.58 
4 1.96 3.60 2.00 7.56 1.02 8.58 
3 1.96 3.65 2.00 7.61 1.02 8.63 
2 1.96 3.60 1.87 7.43 1.02 8.45 
1 1.91 3.65 1.96 7.52 1.05 8.57 
Total 45.4 6.06 51.4 
Table 2.1 - Weights at Each Level 
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CHAPTER 3. BEAM STATIC TESTS 
3.1 Object and Scope 
A separate testing program was devoted to investigating hysteretic behavior of the 
reduced-scale precast concrete beam-column assemblages. This series of tests was done 
to confirm that the reduced-scale connections as designed for the six-story systems could 
behave with a hysteretic behavior representative of the general type of large-scale 
connection: either tension-compression yielding or post-tensioned. An additional 
objective of these tests was to identify the precise force-deflection behavior of the 
reduced-scale joints which was needed for input to nonlinear dynamic analysis models. 
Eight test specimens were constructed prior to construction of the six -story test 
structures, and tested by subjecting them to a reversed cyclic loading regime. Five 
specimens were dog-bone connections, and three were post-tensioned connections. The 
test variables were the type of connection (exterior or interior), the reinforcement details 
in the beam end regions, and the method of attaching the beams to the column. The one-
tenth scale test specimens replicated large-scale beam-column assemblages tested by 
others in the PRESSS program. 
Extensive reporting on the static tests is given in Appendix Y. The material 
presented in this chapter provides a summary of the test program for support of the six-
story dynamic tests. 
3.2 Test Specimens and Loading Apparatus 
The basic test specimen was a beam-column assemblage that was subjected to a 
reversed, cyclic loading at essentially static rates. Test specimens replicated the 
connections used in the six -story dynamic tests with respect to materials and design. The 
loading apparatus simulated the moment and shear distributions across a beam-column 
assemblage representative of that expected in a laterally-loaded frame structure. 
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Horizontal displacements were incrementally imposed on the upper column member with 
a pattern of three cycles at the same maximum displacement. The test progressed in this 
manner until failure of each specimen was observed. 
Photographs of the test setup for a representative interior joint specimen and an 
exterior joint specimen are presented in Figures 3.1 and 3.2. Specimens were restrained 
against vertical and horizontal translation at the column base, and against vertical 
translation at a location corresponding to the mid-point of the beams on either side of the 
column (457 mm from the column center). Static cyclic loads were applied with a 112 kN 
hydraulic jack at mid-story height of the upper level (198 mm above the beam center 
line). The tests were done on a laboratory strong floor. Horizontal forces applied to the 
specimens were reacted against a stiff concrete reaction wall. 
3.3 Instrumentation 
Applied force was measured with a load cell. Bending distortions of the test 
specimens were measured with a series of displacement transducers. Horizontal 
deflection was measured using two transducers with ranges of ± 25 mm and ± 6.25 mm 
at the point of load application. Rotations of the beam-column joint were deduced from 
two displacement transducers with a ± 25 mm range that measured horizontal 
displacements of a vertical bar secured to the centroid of the joint. 
Openings between the face of the column and the face of the beam were measured 
using four displacement transducers with a ± 2.5 mm range. These transducers were 
secured near the end of each beam, and measured how far the gap between the beam and 
column opened. They were placed at the same elevation as the steel coupling bars (DB 
specimens) or the post-tensioning rods (PT specimens). 
For the PT specimens, force in each of the post-tensioning rods was measured 
using a 44.8 kN load cell. 
30 
3.4 Specimen Description 
Each specimen modeled a beam-column joint from the midspan of a prototypical 
beam bay, and the mid-height of a prototypical story above and below the joint. 
Descriptions of each type of test specimen are presented Figures 3.3 through 3.6. 
3.4.1 DB Specimens 
The series of dog-bone specimens were based on the half-scale beam-column 
connections tested by Kreger (1994) at the University of Texas. Details of the connection 
are similar to those described in Section 2.2.1 for the six -story test structure. Specific 
dimensions of the test specimens are given in Figures 3.3 and 3.4. The beam had top and 
bottom haunches at its end forming a "dog bone". 
In Kreger's prototype assemblage, a horizontal Dywidag bar was inserted through 
a duct in the haunch and screwed into a coupler precast into the column. The void space 
surrounding the bar was then grouted. Because modeling this detail at one-tenth scale 
was not practical, nor needed for the purpose of the shaking table tests, a continuous 
coupling bar was cast into the column which extended 108 mm past the face of the 
column. The diameter of the coupler was turned down to form a controlled yielding 
portion directly adjacent to the face of the column, and threaded on the end to accept a 
washer and 114-20 SAE nut. After assembly the void space was grouted with epoxy grout 
to form a moment resisting connection. 
Beam and column reinforcement was held constant for all five DB specimens, and 
matched that used in the lower stories of the six-story test structures. Beam reinforcement 
consisted of three No.2 deformed reinforcing bars for both top and bottom longitudinal 
reinforcement. Beam shear reinforcement was fabricated from a continuous rectangular 
spiral of 15 gage (1.83 mm dia.) wire at a 31.8 mm pitch. Shear reinforcement in the 
dog-bone region consisted of a three leg, closed hoop and hair-pin, stirrup formed from 
13 gage (2.32 mm dia.) wire spaced at 12.7 mm. 
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Longitudinal beam reinforcing bars were anchored at their ends with steel anchor 
plates. For specimens DB 1 and DB2, reinforcing bars were welded to a 9.5-mm thick 
plate, 38.1-mm high by 54.0-mm wide. In the third test this detail was omitted, and in the 
fourth and fifth tests this plate was replaced with a plate 4.8-mm thick, 25.4 mm high by 
54.0 mm wide. 
Column longitudinal reinforcement consisted of four No.3 deformed Grade 60 
reinforcing bars. Column transverse reinforcement was fabricated in a continuous 
rectangular spiral of 13 gage (2.32 mm diameter) wire with a spacing of 12.7 mm over 
the center 216 mm of the column, and 38.1 mm elsewhere. For specimens DB4 and DB5, 
a circular spiral (83-mm diameter) with four turns of 13 gage (2.32 mm diameter) wire 
was placed into the joint region. This spiral was oriented such that its axis was horizontal 
and normal to the plane of the test specimen. 
Two different locations were examined for placement of the steel coupling bars. 
The first coupler detail was used in specimens DB 1 and DB2, and the second detail was 
used in all subsequent test specimens and in the six-story frames. For the first coupler 
detail, tubes with a 19.1-mm outside diameter were centered 59.7 mm above and below 
the center line of the beam. For the second detail, tubes with a 25.4-mm outside diameter 
were centered 57.2 mm from the center line of the beam. The dimensions of the three leg 
stirrup used as shear reinforcement in the dog-bone region were modified to accept the 
larger tube. 
A steel tube was cast into the center of the column identical to the one which was 
used to support the floor masses in the six -story frames. Another tube, with an inside 
diameter of 25.4 mm, was cast in the bottom of the column at a location corresponding to 
the mid-story height. A bolt was placed through this hole for anchoring the specimen to 
the test apparatus. In the end region of the beam, a 12.7-mm diameter tube was cast near 
the end of each beam to form a transverse and horizontal hole. A bolt went through this 
hole to attach the beam to the simulated roller support. 
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3.4.2 PT Specimens 
The series of post-tensioned specimens were based on large-scale connections 
tested by Priestley (1994) at the University of California at San Diego. Details of the 
connection are similar to those described in Section 2.2.2 for the six -story test structure. 
Specific dimensions of the test specimens are given in Figures 3.5 and 3.6. The beams 
were post-tensioned such that their ends were in contact with the face of the column. 
Two metal tubes were cast into the beam and column to form a duct for the post-
tensioning rods. The steel rods were inserted through the ducts and 9.52-mm thick steel 
bearing plates were placed on the ends. Beam axial compressive forces were developed 
by tightening bolts on the threaded ends of the rods. 
Beam and column reinforcement were held constant for all three tests. Beam 
longitudinal reinforcement consisted of two No.2 deformed reinforcing bars on the top 
and bottom. Beam transverse reinforcement was fabricated from a continuous rectangular 
spiral of 15 gage (1.83 mm diameter) wire at a 38.1 mm pitch. Column reinforcement 
was the same as for the DB specimens with the exception that spiral shear reinforcement 
was spaced at 12.7 mm over the center 190 mm of the column, and 38.1 mm elsewhere. 
The tendon ducts were thin-walled steel tubes cast into the beam. They were 
centered 28.6 mm from the beam centerline at the top and bottom. Two different duct 
diameters were used to accommodate different sizes of post-tensioning rods. PTI and 
PT2 specimens used a 11.l-mm duct and a 7.9-mm diameter rod, while the PT3 specimen 
and the six-story frames used a l3.5-mm duct housing a l1.l-mm diameter rod. 
Additional confinement was provided along the length of the ducts with two 38.l-mm 
diameter circular spirals at a 12.7 mm pitch. These spirals interlocked and surrounded the 
tendon duct, extending from the face of the beam 83-mm inward. 
The PT test specimens were attached to the loading rig using the same 
configuration of tubes as used in the DB specimens. 
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3.5 Fabrication of Test Specimens 
Prior to construction of cages, reinforcing bars were brushed to remove dirt and 
corrosion. Anchor plates were then welded to beam reinforcement if necessary. Shear 
reinforcement was tied to the longitudinal bars with 22 gage (0.73 mm diameter) wire. 
Forms were oiled and reinforcement cages were placed in the formwork supported on 
chairs and secured against movement by wires attached to the side forms. 
The beams were cast in the same forms used for the six -story frames. The steel 
formwork consisted of a base plate and side forms fabricated from 63.S-mm angle stock. 
Special blockouts and threaded holes were fitted for the construction of the static 
specimens. The column stubs were cast in a custom built wood form. 
The test specimens were cast horizontally using a vibrating table to consolidate 
the concrete. Concrete was placed evenly in the forms and allowed to vibrate until air no 
longer bubbled out of the concrete. The form was then removed from the table. 
3.6 Material Properties 
Mechanical properties of materials used for the static test specimens are 
summarized in Appendix B. A statistical analysis of strengths for various coupon 
samples was done to determine the characteristic values of material strengths. 
Quantities of materials used in concrete mixes for the DB and PT specimens are 
shown in Tables B.I and B.2, respectively. Measured strengths of the concrete samples 
in tension and compression are also given in these tables. Concrete stress-strain curves for 
the sample cylinders are presented in Figures B.6 to B.17. Yield and ultimate stress for 
the reinforcing bars and wires used in static tests are tabulated in Table B.3. Steel stress-
strain curves are presented in Figures B.18 to B.26. Properties of the paste epoxy and 
liquid epoxy used for joining the dog-bone specimens are given in Table B.4. 
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3.7 Observed Behavior of Reduced-Scale Joints 
Overall behavior of a test specimen was inferred from the measured relations 
between lateral applied force and resulting deflection at the point of load application. This 
relation encompassed nonlinear behavior of the joint region as well as flexural and shear 
distortions of the column and beam members. Measured force-deflection relations for all 
of the test specimens are presented in Appendix Y. Two of these curves are duplicated 
in Figures 3.7 and 3.9 (specimens DB1 and PT2) to serve as samples for the discussion in 
this chapter. Measured deflections are given in terms of a story drift percentage 
(deflection divided by height of 396 mm). 
Measured moment-rotation relations provide information on nonlinear behavior 
focusing on distortions of the local joint region. Moment-rotation curves for all static 
tests are presented in Appendix Y. Sample relations are given in Figures 3.8 and 3.10 for 
specimens DB 1 and PT2 for discussion purposes. Moments were determined by 
multiplying applied lateral forces by the vertical distance to the joint centroid (198 mm). 
Rotations were deduced from displacements measured adjacent to the column face which 
were divided by either the distance between couplers (DB specimens 119 mm) or the 
distance between post-tensioning bars (PT specimens 58 mm). 
3.7.1 Dog-Bone Test Specimens 
As seen in curves of both the force-deflection relation (Figure 3.7) and the 
moment-rotation relation (Figure 3.8), the dog-bone specimens behaved well within the 
nonlinear and inelastic range of behavior. The connection behaved elastically until the 
steel bars coupling the beam and column members yielded which resulted in an opening 
at the interface between the beam end and the column face. Little damage was noticed up 
to drift percentages of approximately 0.75%. Once the specimens passed this 
displacement level, the stiffness gradually decreased, yet applied force levels continued to 
increase with no observed decrease in strength, with cycling up to and beyond story drifts 
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equal to 1.5%. In general, test specimens had a ductile behavior with damage confined to 
the beam-column interface region. 
Failure was typically attributed to either fracture of the longitudinal bars or bond 
slippage of the steel coupling bars. Bar fracture was commonly associated with large 
cracks and extensive spalling of concrete near the joint region. Slippage of the coupling 
bars was also associated with concrete spalling as well as wide separations at the beam-
column interface. 
Inelastic behavior of the DB specimens was corroborated with permanent 
deflections and joint rotations which were attributable to yielding of the steel coupling 
bars. A substantial decrease in stiffness was observed when the sense of the lateral force 
was reversed. This was attributed to a closing of the previously opened gap between the 
beam end and the column face. The force-reversal stiffness continued to decrease with 
larger amplitudes of cyclic displacement suggesting a progressive slippage of the steel 
connecting bars. 
Ultimate strength of interior joint specimens (DB 1) was higher than the ultimate 
strength of exterior joint specimens (DB2). Furthermore, DB specimens with more 
confining reinforcement in the end region of the beam (DB4) had a more linear and 
elastic behavior than specimens with normal shear reinforcement in this region (DB!). 
3.7.2 Post-Tensioned Test Specimens 
As seen in curves of both the force-deflection relation (Figure 3.9) and the 
moment-rotation relation (Figure 3.10), the post-tensioned specimens behaved 
nonlinearly but elastically. The PT specimens behaved linearly until they reached a drift 
percentage of approximately 0.60%. For larger drift levels, a progressive and gradual 
softening of the test specimens was observed with little strength deterioration up to very 
large drifts (in excess of 10%). Even at these very large drift levels, the specimens 
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returned to a nearly zero displacement or joint rotation when the applied force was 
reduced to zero. 
Failure was a result of fracture of the prestressing bars. Little or no cracking was 
observed before the fracture of the bars. 
Interior specimens (PT2) had twice as much moment capacity as exterior 
specimens (PT 1). 
3.8 Behavioral Comparisons with Large-Scale Counterparts 
One purpose of the reduced-scale static tests was to confirm that the specimen 
design for the six-story test structures could possess hysteresis relations similar to those 
of large-scale specimens despite simplifications in detailing. 
Tension-compression yielding connections tested by Kreger (1994) at the 
University of Texas had little damage when subjected to drift percentages of 1.0% as 
compared to 0.75% for the reduced-scale counterparts (DB specimens). Both large and 
reduced-scale specimens developed full strengths and deformed to drifts up to 1.5% 
before failure. Failures were attributable to both fracture of longitudinal beam 
reinforcement as well as failure of the steel coupling bars in both large and reduced-scale 
specimens. Extents of cracking and crushing of concrete at failure was similar for the 
large and reduced-scale specimens. 
Post-tensioned connections behaved similarly for the reduced-scale assemblages 
(PT specimens) and large-scale counterparts tested by Priestley (1994) at the University 
of California at San Diego. Specimens of both scales had similar hysteretic relations 
characteristic of elastic but nonlinear behavior. Large-scale specimens sustained drifts in 
the range of 2.8% to 4.0% without substantial degradation of stiffness while the reduced-
scale specimens sustained drifts in the range of 3.0% to 4.5%. 
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3.9 Conclusions 
Five dog-bone and three post-tensioned specimens were tested under static cyclic 
loading. The test variables were the type of connection (DB or PT), the joint 
configuration (exterior or interior) and the reinforcing details of the joint. The following 
conclusions can be drawn from this experimental work: 
• Due to yielding of the steel coupling bars in tension and compression, behavior of the 
DB specimens was nonlinear and inelastic. Significant ductility was observed with 
large inelastic rotations of the joint. Substantial cracking and spalling of concrete in 
or near the joint region was observed at the ultimate limit state. 
• Due to the elastic behavior of the post-tensioning bars, behavior of the PT specimens 
was nonlinear and elastic. Strength was limited by fracture of the steel coupling bars 
which occurred at very large nonlinear joint rotations. Little or no cracking or 
spalling of the concrete was observed at the ultimate limit state. 
• J oint details, such as the amount of confining reinforcement of the joint, were 
significant for improving deformation capacity. 
• Exterior joints had larger deformations and lower ultimate flexural capacity than 
interior joints. 
• The PT specimens had the same general behavior as specimens tested by Priestley 
(1994. 
• The DB specimens had the same general behavior as specimens tested by Kreger 
(1994. 
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Figure 3.1 - Test Setup and Specimen OBi 
Figure 3.2 - Test Setup and Specimen PT1 
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Figure 3.4 Static Test Specimen for Exterior Dog-Bone Connections (DB2) 
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CHAPTER 4. MEASURED AND OBSERVED DYNAMIC RESPONSE 
4.1 Overview 
As reported In this chapter, each test structure was subjected to a series of 
progressively increasing earthquake simulations to examine dynamic response in various 
ranges of behavior. The DB test structure was subjected to four test runs with peak base 
accelerations ranging from O.29g to 1.75g~ The PT test structure was subjected to six test 
runs with peak base accelerations ranging from O.33g to 1.89g. The intensity of the 
fourth test run was repeated for the PT test structure to examine variations in dynamic 
response with different beam prestressing force levels. Dynamic measurements for all 
test runs are given in Appendices C through F for the DB test structure and in Appendices 
K through P for the PT test structure. This chapter provides a succinct overview of these 
measurements along with descriptions of observed behavior. 
4.2 Visually Observed Response and Damage 
4.2.1 DB Test Structure 
The entire structure was examined for damage prior to testing. There were minor 
shrinkage cracks on most of the columns, and three of the beam-to-column interfaces on 
the north frame were cracked. 
Minor cracking at the beam-to-column interfaces in the lower levels occurred 
during Test Run DB 1. The structure appeared to be elastic as it responded to excitation. 
Cracking was heard during Test Run DB2. Cracking at beam-column interfaces 
occurred at almost all levels. Hairline cracks appeared at the end of the dog-bone region 
in some of the lower level beams. 
All the beam-column interfaces were cracked after Test Run DB3. Permanent 
offsets were noticeable in the beam-to-column interfaces at the lower levels. Minor 
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spalling of concrete occurred in the dog-bone compression zones. The north frame had 
more damage than the south frame. 
Numerous beam-to-column steel couplers fractured during Test Run DB4. There 
was significant crushing in the dog-bone compression zones. Lower level beam-to-
column interfaces had large permanent offsets. Minor flexural cracking occurred in the 
columns. A large amount of torsion was observed during the test run. 
The final crack patterns for both the north and south frames of the DB test 
structure are shown in Figure 4.1. An "x" indicates a fractured beam-to-column coupler. 
The damage that occurred in the dog-bone region was much less than expected based on 
the static joint tests. A close up of an interior beam-to-column interface is shown in 
Figure 4.2 to illustrate typical damage. 
4.2.2 PT Test Structure 
The entire structure was examined for damage prior to testing. Some of the 
columns had minor shrinkage cracks. 
Minor flaking of the hydrocal at the beam-to-column interfaces occurred during 
Test Run PTl. No cracks were observed. 
More hydrocal at the beam-to-column interfaces flaked off during Test Run PT2. 
Minor spalling of concrete occurred in the compression zones of the beams at the first 
level on the north frame. Torsion was observed during the test run. 
Flaking of hydrocal at the beam-to-column interface, as well as spalling of the 
concrete in the compression zones of the beams in the lower four levels, occurred during 
Test Runs PT3 - PT5. Torsion was observed during all three test runs. 
Both post-tensioning bars at the first level and the lower of the two at the second 
level in the north frame fractured during Test Run PT6. Flexural and shear cracking 
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occurred in the columns of the north frame. Spalling of the concrete in the compression 
zones of the beams continued at the lower four levels. A large amount of torsion was 
observed. 
The final crack patterns for both the north and south frames of the PT test 
structure are shown in Figure 4.3. An "x" indicates a fractured post-tensioning bar. A 
close up of an interior beam-to-column interface is shown in Figure 4.4 to illustrate 
typical damage. 
4.3 Measured Response Histories 
The measured response histories for all test runs are shown in Appendices C - F 
and K - P. 
Horizontal in-plane displacements and accelerations were measured for both the 
north and south frames. All tables and figures, outside of the Appendices, pertaining to 
these response histories, are based on the mean responses of the north and south frames, 
unless otherwise noted. All horizontal in-plane displacements are relative to the platform 
of the earthquake simulator. 
The general format for all the measured response histories is illustrated in Figure 
4.5, which includes target base acceleration, top level displacement, top level 
acceleration, base shear, base moment and first level hinge rotation for Test Run DB3. 
The maximum positive and negative values and the time associated with each are also 
reported for each response history. 
A summary of peak platform acceleration, maximum acceleration, maximum 
drift, maximum base shear and maximum base moment for all test runs is provided in 
Table 4.1. 
The maximum base shear, normalized by dividing by the total specimen weight 
(51.4 kN), is plotted versus maximum top level drift ratio for all test runs in Figure 4.6. 
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Shear and deflection maxima did not necessarily occur at the same instant, however, they 
are plotted in the figure to show overall behavior across all test runs. The PT structure 
was slightly stiffer and stronger than the DB structure. 
4.3.1 Displacements 
Horizontal in-plane displacements were measured on the west end of both the 
north and south frames at each of the six levels (Figure 2.9). These displacement 
histories are shown in Figures x.5 and x.6 for Test Runs DB 1 - DB4 and PT1 - PT6 in 
Appendices C - F and K - P, respectively. 
Similarities in displacement histories and the increase in amplitude with height 
indicated that the frames displaced primarily in the first mode. Differential movement 
occurred between the north and south frames for Test Runs DB 1, DB4 and PT2 - PT6. 
The displacement histories of the north and south frames are compared over a short time 
period for Test Run PT3 in Figure 4.7 to illustrate this differential movement. 
The time range for peak displacement was between 0.928 - 2.224 seconds for all 
but one test run. The peak displacements at each level of the north frame for Test Run 
PT2 occurred between 10.576 - 10.680 seconds. The peak amplitudes of the target 
acceleration response history were in the range of 0.864 - 1.808 seconds. 
Once fracture occurred during Test Runs DB4 and PT6 the remaining response 
was heavily damped. 
4.3.2 Accelerations 
Horizontal in-plane accelerations were measured at the center of the middle slab 
on both the north and south sides at each of the six levels (Figure 2.8). These horizontal 
in-plane acceleration histories are shown in Figures x.7 and x.9 for Test Runs DB 1 - DB4 
and PT1 - PT6 in Appendices C - F and K - P, respectively. 
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The measured horizontal in-plane acceleration histories were similar to the 
displacement histories. The main difference between the acceleration and displacement 
histories was that the acceleration histories contained higher frequency components. 
During each test run, the shapes of the acceleration histories were similar and amplitudes 
increased with height above the base. However, at a few instants, accelerations were 
smaller at upper stories. Differential movement was once again evident in the 
acceleration measurements, although the differences were not as great as with the 
displacements since accelerations were measured on the slabs and not on the frames as 
were the displacements. 
The time range for peak acceleration was between 0.776 - 2.248 seconds for all 
but one test run. The peak accelerations at some of the levels of the north frame for Test 
Run PT2 occurred between 10.568 - 10.680 seconds. 
Horizontal in-plane and transverse accelerations were measured on the two end 
slabs at the sixth level. Measurements were taken at the center on the north side for the 
east end slab, while measurements were taken at the center on the south side for the west 
end slab (Figure 2.8). The horizontal in-plane and transverse acceleration histories for the 
end slabs are shown in Figure x.15 for Test Runs DB 1 - DB4 and PT 1 - PT6 in 
Appendices C - F and K - P, respectively. 
Test Runs DB 1, DB4 and PT2 - PT6 had high levels of transverse acceleration 
(0.31g - 1.38g). This transverse acceleration was similar on both the north and south 
sides for Test Runs DB 1, DB4, PT4 and PT6, while for Test Runs PT2, PT3 and PT5 the 
large transverse acceleration occurred only on the northeast side. These high levels of 
transverse acceleration occurred in the same test runs in which there was differential 
movement between the north and south frames. 
The maximum horizontal in-plane accelerations at the sixth level on the end slabs 
are compared to the maximum horizontal in-plane accelerations at the sixth level on the 
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center slab in Table 4.2 to determine if the slabs were moving independently. These 
maximum accelerations were close enough (average difference of 2.7%) that the center 
and end slabs can be considered as moving in unison in the longitudinal direction. 
Horizontal in-plane accelerations were also measured on the outside center base 
angles on both the north and south sides (Figure 2.8). These base acceleration histories as 
well as the target (acceleration history input into the earthquake simulator) and platform 
(acceleration history achieved by the earthquake simulator) acceleration histories are 
shown in Figure x.l for Test Runs DB 1 - DB4 and PT 1 - PT6 in Appendices C - F and K 
- P, respectively. 
The response of the test specimen resulted in differences between the target and 
platform accelerations. There was an attenuation of high frequency components which 
increased as the amplitude of the target base acceleration history was increased. Also, as 
noted by the ratio of measured platform accelerations to target accelerations, response of 
the test specimen tended to amplify the peak platform acceleration at larger input 
motions. 
4.3.3 Shear Forces 
Inertial forces were calculated on both the north and south sides of the structure at 
each of the six levels by multiplying the measured horizontal in-plane accelerations at 
each level by the tributary mass (Table 2.1) associated with the particular side and level. 
Shear 'Yas then computed as the summation of inertial forces above each respective story. 
Shear histories are shown in Figures x.ll and x.12 for Test Runs DB 1 - DB4 and PTI -
PT6 in Appendices C - F and K - P, respectively. 
As expected the shear forces were larger at each subsequently lower level. As 
damage occurred, the ratio of the increase in shear with subsequent test runs was lower 
than the ratio of the increase in peak platform acceleration. 
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4.3.4 Moments 
Moments were calculated by multiplying the inertial forces above each respective 
level by the height of the forces above that level. Moment histories are shown in Figures 
x.13 and x.14 for Test Runs DB1 - DB4 and PTI - PT6 in Appendices C - F and K - P, 
respectively. 
The moments, like the shear forces, were larger at each subsequently lower level. 
Also, as damage occurred, the ratio of the increase in moment was lower than the ratio of 
the increase in peak platform acceleration. The general shapes of the shear and moment 
histories were similar for each test run. 
4.3.5 Post-Tensioning Stresses 
Forces in the post-tensioning bars were measured on the east end of the north 
frame at each of the six levels. Axial post-tensioning stresses were calculated by 
summing the two forces at a particular level and dividing by the gross beam area. Post-
tensioning stress histories are shown in Figure x.22 for Test Runs PT 1 - PT6 in 
Appendices K - P, respectively. 
Unbalanced stresses resulted when the two post-tensioning bars at a given level 
had different forces. Flexural stresses resulting from these unbalanced forces were 
determined by summing moments about the neutral axis and then dividing by the section 
modulus of the beam. North frame, flexural post-tensioning stresses are shown in Figure 
x.23 for Test Runs PT1 - PT6 in Appendices K - P, respectively. The maximum 
unbalanced stresses were somewhat uniform during each test run. 
4.3.6 Gap Openings 
Gap openings, for the north frame, between the center column and the west beams 
were measured at each of the six levels (Figure 2.11). Measurements were made in line 
with the bars (cast-in-place couplers for the DB specimen and unbonded post-tensioning 
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bars for the PT specimen) which connected the column and the beams. The gap opening 
histories are shown in Figures x.I7 and x.I8 for Test Runs DB 1 - DB4 and PTI - PT6 in 
Appendices C - F and K - P, respectively. 
Once the DB couplers yielded (Cyield ::::: 0.0026, so a gap opening of 0.065 mm. or 
greater corresponds to yield), the response oscillated about the point of permanent 
deformation. The response histories of the DB couplers after yield are similar to the 
response histories of top level drift. The similarities, after yield, between the lower gap 
opening at the first level and top level drift for Test Run DB3 are illustrated in Figure 4.8. 
During the PT test runs, as damage occurred in the joint region, hydrocal fell out. 
As the hydrocal fell out, the post-tensioning force closed the gap and resulted in a loss of 
some prestressing force. 
The gaps at the levels of the post-tensioning bars had two distinct responses. 
When both the post-tensioning bars were on the tensile side of the neutral axis, the gaps 
opened for both senses of sway, as shown in Figure 4.9a. However, when one post-
tensioning bar was on the tensile side of the neutral axis and the other was on the 
compressive side, then each gap opened when the corresponding bar was on the tensile 
side and closed when the corresponding bar was on the compressive side, as shown in 
Figure 4.9b. 
The lower gap opening of the first level for Test Run PT4 is plotted versus the 
corresponding bar force at that level in Figure 4.1 Oa and the upper gap opening of the first 
level for Test Run PT5 is plotted versus the corresponding bar force at that level in Figure 
4.IOb. Point A corresponds to the original (undisplaced) position. Points Band C 
. correspond to positive and negative peaks in the cycle, respectively. The force in the 
prestressing bar increases as both points B and C were approached. The only difference 
Was that the gap opened as point C was approached in Figure 4.1 Oa, meaning that the bar 
was on the tensile side of the neutral axis, and the gap closed as point C was approached 
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in Figure 4.1 Db, meaning that the bar was on the compressive side of the neutral axis. 
Therefore, both post-tensioning bars increased in force regardless of their orientation with 
respect to the neutral axis. 
Hinge rotations were calculated by subtracting the upper gap opening from the 
lower gap opening and dividing by the distance between the two. Hinge rotation histories 
are shown in Figure x.19 for Test Runs DB 1 - DB4 and PTI - PT6 in Appendices C - F 
and K - P, respectively. 
Hinge rotation histories were similar to both the displacement and the acceleration 
histories for a given test run suggesting that these rotations had a dominant effect on 
overall response. 
4.3.7 Free Vibrations 
Free vibration runs were conducted prior to each test run. Horizontal in-plane 
acceleration and displacement histories, measured at the top level, are shown in Figure 
x.l for Free Vibration Runs DB 1 - DB4 and PT 1 - PT6 in Appendices G - J and Q - X, 
respectively. 
A beating phenomenon occurred during Free Vibration Runs DB 1, PT 1 and PT3 -
PT6. This beating phenomenon was believed to be caused by slight differences in the 
stiffness of the north and south frames. 
Prior to Test Runs PT4 and PT5, Free Vibration Runs were conducted both before 
and after adjustments were made to beam post-tensioning forces. Measured prestress 
forces are discussed in Sec. 4.3.5. Free Vibration Run PT4a was conducted prior to Test 
Run PT4 and before the post-tensioning adjustment, while Free Vibration Run PT4b was 
conducted prior to Test Run PT4 but after the post-tensioning adjustment. The same 
labeling was used for the free vibration runs conducted prior to Test Run PT5. 
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4.4 Fourier Amplitude Spectra 
Frequency contents of acceleration histories collected during all test and free 
vibration runs were examined by computing Fast Fourier Transforms. The resulting 
Fourier Amplitude Spectra (FAS) were each normalized to a peak ordinate of one, 
making the amplitudes independent of base motion intensity. 
Fourier Amplitude Spectra of top level, north frame accelerations for Test Runs 
PT1 - PT6 are shown in Figure 4.11 as an example of the general format in which all the 
F AS are plotted. Frequencies associated with the peak amplitude for each FAS are also 
reported. FAS are shown in Figures x.2, x.S, x.10 and x.16 for Test Runs DB1 - DB4 and 
PT1 - PT6 in Appendices C - F and K - P, respectively. FAS of target, platform and base 
accelerations are shown in Figure x.2. F AS of north and south frame accelerations are 
shown in Figures x.8 and x.10, respectively. FAS of top level, longitudinal and 
transverse accelerations are shown in Figure x.16. 
Fourier Amplitude Spectra are shown in Figure x.2 for Free Vibration Runs DB 1 -
DB4 and PT1 - PT6 in Appendices G - J and Q - X, respectively. Also shown in this 
figure are filtered top level acceleration histories. Higher mode shapes were cut out of the 
original F AS and then Inverse Fourier Transforms were computed resulting in the filtered 
acceleration histories. The logarithmic decrement method, given in Equation 4-1, was 
used to estimate the equivalent viscous damping factor, ~, of the filtered acceleration 
histories. 
[4-1 ] 
where Al and A2 are subsequent, equivalent direction, peak amplitudes (AI> A2)' 
The dominant frequencies for each test (forced) and free vibration run are shown 
in Table 4.3. Frequencies and estimated, equivalent viscous damping factors obtained 
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from free vibration runs are associated with the test run performed prior to that free 
vibration run. 
Frequencies are plotted versus maximum average top level drift for all test runs in 
Figure 4.12. The following two points are illustrated: (1) the frequency decreased as the 
amount of structural damage increased, and (2) higher frequencies were observed during 
free vibration runs. 
4.5 Response Spectra 
Linear acceleration and displacement response spectra were calculated for each 
test run. The calculation procedure was based on the exact solution of the differential 
equation of motion for a single-degree-of-freedom oscillator subjected to a discretized 
acceleration history, which is linear between discrete values. The discretized acceleration 
history was the platform acceleration history for each test run. Response spectra were 
calculated for damping factors of 0.02, 0.05, 0.10 and 0.20. Spectral accelerations are 
shown in Figure x.3 and spectral displacements are shown in Figure xA for Test Runs 
DB 1 - DB4 and PT 1 - PT6 in appendices C - F and K - P, respectively. Response spectra 
in the Appendices are plotted versus period. 
Spectral accelerations and displacements for all the test runs are shown in Figures 
4.13 and 4.14. These response spectra were calculated for a damping factor of 0.05 and 
are plotted versus frequency. 
Spectral acceleration (Sa) is plotted versus spectral displacement (Sd) for all test 
runs in Figure 4.15. Once again a damping factor of 0.05 was used. Straight lines 
radiating from the origin can be used to represent constant frequencies (f), decreasing in 
the clockwise direction. The slope of these lines was determined with Equation 4-2. 
[4-2] 
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The dashed radial lines are the dominant forced frequencies of each test run. The 
point of intersection between the radial frequency line and the parametric plot of spectral 
acceleration versus spectral displacement, for a given test run, represents the spectral 
acceleration and displacement for that particular test run. These spectral accelerations 
and displacements are listed in Table 4.1 for each test run. 
4.6 Deflected Shapes and Lateral Force Distributions 
Displacements were measured and inertial forces were calculated (from measured 
accelerations) at each of the six levels for both the north and south frames. The deflected 
shapes and lateral force distributions at five separate instants in time are shown in Figure 
x.21 in Appendices C - F and K - P for Test Runs DB 1 - DB4 and PT 1 - PT6, 
respectively. These five instants in time make up a half cycle which contains the 
maximum drift for that respective test run. The first mode was dominant and the lateral 
force distribution was inverted triangular. Some differential movement between the north 
and south frames was evident. 
The measured deflected shapes, at maximum drift, are shown in Figure 4.16 for 
each test run. Once again, the first mode was dominant. The measured modal coordinates 
at maximum drift are given in Table 4.4. 
4.6.1 Modal Participation Factors 
A response history of modal participation factors was calculated for each test run. 
The participation factor, c}, was determined at each instant in time using Equation 4-3. 
[4-3] 
Ct = 6 2 
LWi"<Pli 
i=t 
where Wi is the weight at level i and (jJli is the first-mode coordinate at level i which was 
assumed to be the same as the measured mode shape. 
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The modal participation history for Test Run PT5 is shown in Figure 4.17a, as an 
example. The overall modal participation factor for each test run was taken to be the best 
fit line through the dominant points in the response history. Dominant points were 
defined to be those within a few percent of the mean. Points outside this range occur 
when the deflected shape was near the original (undisplaced) position and are not 
representative of the true value. The modal participation factors (1.16 - 1.26) for all test 
runs are contained in Table 4.1. The relationship between the modal participation factor 
and top level drift is shown in Figure 4.18. The modal participation factor decreased 
slightly as drift increased. 
4.6.2 Modal Effective Weight 
A response history of the modal effective weight factor was calculated for each 
test run. The modal effective weight factor, u, was defined by Equation 4-4 to be the 
modal effective weight over the total weight. 
[4-4] 
The modal effective weight factor was determined at each instant in time by 
Equation 4-5. 
[4-5] 
where mi is the modal mass at level i, fi is the modal coordinate at level i and M is the 
total mass. 
The modal effective weight times the spectral acceleration, Sa, is used to calculate 
the elastic base shear according to Equation 4-6. 
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[4-6] 
The modal effective weight factor history for Test Run PT5 is shown in Figure 
4.17b, as an example. The overall modal effective weight factor for each test run was 
determined in the same manner as the modal participation factor (4.6.1). The modal 
effective weight factors (0.91 - 0.96) for all test runs are contained in Table 4.1. The 
relationship between the modal effective weight factor and top level drift is shown in 
Figure 4.19. The modal effective weight factor, like the modal participation factor, 
decreased slightly as drift increased. 
4.7 Measured Force-Deflection Relationships 
The maximum base moment versus top level drift (average of north and south 
frames) is shown in Figure x.20 in Appendices C - F and K - P for Test Runs DB 1 - DB4 
and PT1 - PT6, respectively. Maximum base shear versus top level drift is shown in 
Figures 4.20 and 4.21 for all test runs. The latter figures are normalized with respect to 
the total specimen weight and are all plotted to the same scale to allow for easier 
comparisons. 
The DB test structure remained linear and elastic during the first two test runs. In 
the subsequent two test runs, the DB structure behaved inelastically and dissipated 
energy. The PT test structure remained elastic until fracture occurred in the final test run. 
4.7.1 Capacity-Spectrum Method 
The capacity-spectrum method is used to determine expected lateral deflections of 
a structure based on calculated response spectra and estimated nonlinear force-deflection 
relationships. Normally, a pushover analysis (analytical estimate of the maximum 
envelope for the force-deflection relationship) is performed on the structure in question. 
The results of the pushover analysis are then plotted along with the parametric spectral 
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response curve for the structure. The point where the pushover analysis intersects the 
spectral response curve is defined to be the expected deflection. 
The actual force-deflection relationship is plotted along with the calculated 
parametric response curve (5% damping) for each test run in Figures 4.23 and 4.24 to 
evaluate the usefulness of the capacity-spectrum method. Both the measured force and 
deflection were scaled for direct comparison with spectral quantities. Base shear was 
scaled by dividing it by the modal effective weight (Equation 4-7), while top level 
displacement was scaled by dividing it by the modal participation factor (Equation 4-8). 
Vscaled = 
Vb 
Weff 
[4-7] 
Llscaled = 
Ll top [4-8] 
c 
The maximum scaled top level displacement for each test run was defined to be 
the measured displacement (Llm). The displacement at the intersection of the scaled force-
deflection relationship and the spectral response curve was defined to be the expected 
displacement (Lle). In the case where the scaled force-deflection relationship did not 
intersect the spectral response curve, the general shape of the maximum envelope for the 
scaled force-deflection relationship was extrapolated to the point of intersection. An 
extrapolation of the scaled force-deflection relationship is shown in Figure 4.22 for Test 
Run PT3. The ratios of expected displacement to measured displacement for all test runs 
are contained in Table 4.5. In general, expected displacements exceeded measured values 
suggesting the conservatism inherent in the capacity-spectrum method. However, in a 
few cases measured values exceeded expected values by as much as 1.23, which is an 
acceptable discrepancy if a reasonable factor of safety is applied. 
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The radial lines of dominant forced frequency for each test run are also plotted in 
Figures 4.23 and 4.24. These radial lines are a close estimate of the average stiffness of 
the structure during each particular test run. 
4.8 Conclusions 
The following conclusions could be drawn from measured dynamic response of the two 
test structures. 
• Damage to the joint regions of both test structures was much less than expected based 
on static tests. 
• The PT structure was slightly stiffer and stronger than the DB structure. 
• Torsion occurred during most test runs. 
• The center and end slabs moved in unison in the longitudinal direction. 
• Both post-tensioning bars increased in force regardless of their orientation with 
respect to the neutral axis. 
• Differences in the stiffness of the north and south frames caused a beating 
phenomenon during some free vibration test runs. 
• As the amount of structural damage increased, the frequency decreased. 
• Higher frequencies were observed during free vibration runs. 
• Both test structures deflected primarily in the first mode. 
• The lateral force distribution was inverted triangular. 
• Modal participation factors (~ 1.2) and modal effective weight factors (:::: 0.9) 
decreased slightly as drift increased. 
• The DB test structure dissipated much more energy than the PT test structure. 
• The capacity-spectrum method was found to be acceptable if expected nonlinear 
deflections are increased by a factor of at least 1.3. 
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Peak Maxim urn Maximulll Modal Modal 
Platform Maximum Maximum Base Base Forced §P¢¢.~t~1 Spectral :participation Effective 
Acceleration AcCt~leratiofi} Drift Shear Moment :Freq9~n¢y . AcceleratiOn J)isplacem~nt Fa ct() r ",eig~t 
,,'" (g) .. i(g)······ (%) (14'Q: .. (@'{Sllt): @) ···:00: (mfu) Factor 
DBI 0.29 0.77 0.20 30.l 47.1 6.01 0.50 3.4 1.26 0.92 
DB2 0.69 1.60 0.69 58.4 94.5 4.55 1.73 20.9 1.24 0.92 
DB3 1.38 2.36 1.59 78.7 135 3.65 1.93 35.9 1.23 0.92 
DB4 1.75 2.88 2.28 78.2 125 2.70 2.07 69.9 1.21 0.91 
PTI 0.33 0.80 0.13 25.9 44.5 7.11 0.67 3.3 1.24 0.96 
PT2 0.64 1.29 0.45 54.3 84.4 5.40 1.78 15.0 1.21 0.95 
PT3 1.31 2.38 1.53 90.4 147 3.66 2.12 39.2 1.17 0.94 
PT4 1.40 2.62 2.08 85.5 144 2.90 2.02 59.3 1.17 0.91 
PT5 1.40 2.26 1.99 87.0 141 2.90 2.03 59.7 1.16 0.94 
PT6 1.89 2.88 3.36 102 172 2.79 2.38 75.4 1.16 0.94 
Table 4.l - Summary of Measured Data 
63 
North Side 
End Center End 
I!J fEl] 
South Side 
Side 
:Negative 
DBl Center 0.84 0.92 0.68 0.77 
End 0.87 0.91 0.75 0.76 
DB2 Center 1.63 1.55 1.52 1.65 
End 1.56 1.65 1.52 1.80 
DB3 Center 2.36 2.15 2.35 2.07 
End 2.37 2.17 2.42 2.13 
DB4 Center 2.98 2.08 3.11 1.89 
End 3.01 2.07 3.09 1.92 
PTl Center 0.81 0.70 0.82 0.68 
End 0.81 0.91 0.82 0.69 
PT2 Center 1.29 1.41 1.14 1.25 
End 1.32 1.37 1.14 1.22 
PT3 Center 2.42 2.56 2.40 2.31 
End 2.41 2.54 2.39 2.28 
PT4 Center 2.84 2.36 2.52 2.00 
End 2.83 2.43 2.50 1.97 
PT5 Center 2.43 2.31 2.26 1.94 
End 2.42 2.27 2.20 1.96 
PT6 Center 3.15 2.84 2.64 2.58 
End 3.17 2.85 2.59 2.46 
Table 4.2 - Comparison of Accelerations on Adjacent Slabs 
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DBl 6.01 
DB2 4.55 
DB3 3.65 
DB4 2.70 
PTl 7.11 
PT2 5.40 
PT3 3.66 
PT4 2.90 
PT5 2.90 
PT6 2.79 
:l4):-¢qlje,~cYr 
(fIZ) 
8.00 
6.88 
5.14 
4.49 
8.65 
8.16 
7.31 
5.13 
4.27 
4.59 
* free vibrations were performed immediately after test runs 
~qllivalent 
nilJ:ijJlil1g~* 
(%) 
1.6 
3.3 
3.8 
4.4 
1.8 
1.9 
3.4 
3.0 
4.1 
3.2 
* * damping factors were calculated from the corresponding free vibration run 
Table 4.3 - Frequencies and Damping Percentages 
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6 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
5 0.93 0.95 0.95 0.96 0.91 0.96 0.97 0.96 0.98 0.99 
4 0.83 0.87 0.87 0.89 0.81 0.90 0.89 0.89 0.94 0.94 
3 0.73 0.76 0.74 0.77 0.69 0.83 0.80 0.80 0.85 0.86 
2 0.59 0.61 0.58 0.60 0.55 0.67 0.61 0.63 0.69 0.68 
1 0.38 0.40 0.36 0.35 0.36 0.42 0.32 0.31 0.41 0.41 
* Based on south frame only 
Table 4.4 - Measured, First Mode Shape Coordinates at Maximum Drift 
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Test Run Lle / Llm* 
DBl 0.87 
DB2 1.83 
DB3 1.14 
DB4 1.22 
PTl 1.20 
PT2 1.00 
PT3 1.28 
PT4 0.82 
PT5 0.87 
PT6 1.06 
* Based on 5 % damping 
Table 4.5 - Ratio of Expected Displacement per Capacity-Spectrum Method to Measured Displacement 
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Figure 4.1 - Final Crack Patterns for the DB Test Structure 
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Figure 4.2 - South Frame, Second Level, Interior Joint after all DB Test Runs 
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Figure 4.5 - Sample Response Histories for Test Run DB3 
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Figure 4.6 - Summaries of Measured Force-Drift Relations 
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Figure 4.7 - Comparison of Top Level Displacements for Test Run PT3 
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Figure 4.8 - Comparison of First Level, Lower Gap Opening with Drift Ratio for Test Run DB3 
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(a) Test Run PT3, First Level, Lower Gap Opening 
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Figure 4.9 - Comparisons of Gap Openings with Drift 
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Figure 4.10 - Post-Tensioning Force versus Gap Opening 
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Figure 4.12 - Measured Frequency-Drift Relations 
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Figure 4.13 - Acceleration Response Spectra 
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Figure 4.15 - Spectral Response Curves 
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Figure 4.17 - Histories of Modal Participation Factor and Modal Effective Weight Factor for Test Run PT5 
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Figure 4.19 - Modal Effective Weight Factor-Drift Relationships 
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Figure 4.20 - Measured Force-Deflection Relations for Test Runs DB1 - DB4 
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Figure 4.21 - Measured Force-Deflection Relations for Test Runs PT1 - PT6 
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Figure 4.21 Continued - Measured Force-Deflection Relations for Test Runs PT1 - PT6 
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Figure 4.22 - Application of the Capacity-Spectrum Method 
88 
60 
(a) Test Run DB1 (b) Test Run DB2 
1 .6.0 Hz 2 ,·4.6 Hz 
-en 
-c 
o 
... 
ctS 
~ 
Q) 
Q) 
(.) 
(.) 
<t 
ctS 
~ 
... 
(.) 
Q) 
a. 
en 
-20 
5% 
Damping 
, 
• -1 
(c) Test Run DB3 
3 
-3 
20 
-2 
(d) Test Run DB4 
4 
-80 
/J. /' 
/" /\ 'i' 
"'{ /": j'nt 
• l-/: I V:ii :1 
\ ,-j J . ~i II 
\-,/ [I Ii 
V 
-4 
Spectral Displacement (mm) 
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CHAPTER 5. EVALUATION OF SYSTEM RESPONSE 
5.1 Introduction 
Conventional static and dynamic analysis procedures are used to estimate the 
ultimate strength, and the overall behavior of the six-story test structures. Results of 
these analyses are compared with the measured data presented in Chapter 4 to evaluate 
the accuracy of theoretical models. 
Strength and behavior of the test structures are computed using virtual work 
concepts, equivalent linear static methods, equivalent nonlinear static methods, and linear 
dynamic methods. The relative merits of each type of method are assessed in terms of its 
degree of difficulty and its accuracy. 
5.2 Strength Estimates vs. Measured Maximum Shear at the Base 
Peak base-shear strength of a frame structure can be easily determined from the 
strengths of its components using virtual work concepts. Assuming sufficient rotational 
ductility in all plastic hinge zones, a collapse mechanism for a frame is considered which 
gives the minimum base shear. Since the pattern of hinge formation was obvious from 
test observations (cracks and gap-opening measurements), the mechanism shown in 
Figure 5.1 was used for the calculation. Plastic hinges were assumed at the ends of all of 
the beams. An inverted triangular distribution of lateral force was applied to the frame to 
approximate observed distributions (see Section 4.6). 
The flexural strength of each hinge was taken as the peak strength from the static 
connection tests (see Chapter 3). The moment at initial yield of each hinge was estimated 
using a simplified rectangular compressive block idealization for the concrete in 
compression, and assuming that the reinforcement was at its yield stress as measured with 
test coupons. 
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For the DB structure, a mechanism was assumed where the sixth-level connection 
yielded while the first and second-level connections reached their flexural strength (3941 
kN-mm). Maximum beam moments at levels 3, 4, and 5 were calculated as a linear 
interpolation between the flexural strength and the yield moment. A base shear equal to 
79.5 kN was estimated with this simple model, showing an excellent correlation (0.99) 
with the dynamic measured base shear of 78.7 kN. 
Using the same mechanism for the PT structure also gave a good correlation with 
the measured base shear. Connection moments at each level were determined from 
forces in the post-tensioned steel bars (Table 5.1). Once again, an estimated base shear 
force equal to 98.0 kN was quite close to the measured value of 102 kN (0.96 
correlation). 
5.3 Elastic Demand vs. Measured Dynamic Base Shear 
Current seismic building codes include a simplified equation for base shear 
demand that is based on first-mode response of a lumped-mass stick model. Base shear is 
estimated for a linear elastic system using a given spectral response curve and then 
reduced with an R factor that represents the expected extent of inelastic action. The 
effective weight is conservatively taken as 100% of the total weight to avoid assumptions 
regarding the mode shape or participation factor. 
The base shear for a linear system responding in the first mode, Vb], is given by 
Equation 5-1. 
[5-1 ] 
where Sa] is the spectral acceleration, g is the gravity acceleration, Wi is the weight per 
degree of freedom, and lPli is the modal coordinate at level i for the first mode, and c] is 
the first mode participation factor per Equation 5-2. 
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[5-2] 
The spectral acceleration, Sal, was determined from the spectral response curves 
constructed from the measured ground motions (Figure 4-13) and knowing the measured 
fundamental frequencies of the test structures and damping percentages (Table 4.3). 
Values of spectral acceleration are given in the eighth column of Table 4.1 for each test 
run and ranged from O.50g to 2.12g. 
Knowing the weights at each level (Table 2.1) and approximating the first-mode 
shape from the measured deflected shapes (Table 4.4) provides sufficient information to 
define the modal participation factor. Histories of the participation factor determined 
from measured displacement histories (Figure 4.17 a) show little variation in the value of 
this factor over the duration of an earthquake simulation despite the extent of nonlinear 
action. Thus constant values of modal participation factors can be assumed for the 
calculation as given in the tenth column of Table 4.1. 
Estimated base shear forces per Equation 5-1 are given for each test run in the 
third column of Table 5.2 and ranged from 23.7 to 115 kN. These values are not intended 
to estimate the maximum base shear forces, but to provide an index for comparision with 
the measured base shear maxima which are given in the second column of this table. 
The elastic base shears represent a demand condition for a linear elastic oscilator 
subjected to the measured base motions. The measured base shear maxima represent the 
base-shear capacities of the frame systems for the later test runs when full strength was 
developed. The ratio of elastic demand to measured maximum base shear provides an 
indication of the extent of inelastic response. This ratio is tabulated in the fourth column 
of Table 5.2. The elastic base shears exceeded the measured force maxima in nine of the 
ten test runs, which suggests that the nonlinear behavior provided additional energy 
dissipation from that modeled with an equivalent viscous damping assumption. 
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Ratios of elastic demand forces to measured maxima were consistently in the 
range of 1.11 to 1.13 for the last four test runs of the PT structure, and were largest for the 
DB structure (as high as 1.24 for the last test run). Whereas the PT structure did respond 
in the nonlinear range for the later test runs, it was essentially an elastic response (for 
example, see Figure 3.9 from static tests). Thus the measured base shear maxima were 
closer to the elastic demand base shear for the PT structure than for the DB structure that 
indeed behaved as a nonlinear and inelastic system (see Figure 3.7 from static tests). 
5.4 Elastic Deflections vs. Measured Dynamic Deflections 
Similar to the method for estimating elastic base shear forces, deflections of the 
structure acting as an elastic oscilator can also be determined. Elastic displacements at the 
top level, L1te , were determined using Equation 5.3. 
[5-3] 
where, Sdl is the spectral displacement for the fundamental mode which is given for each 
test run in the ninth column of Table 4.1, and c 1 is the participation factor as given with 
Equation 5-2 and tabulated in the tenth column of Table 4.1. 
Elastic deflections at the top level are given in the sixth column of Table 5.2 to the 
right of the measured deflection maxima per test run. The ratio of measured deflection 
maxima to elastic deflections is given in the seventh column of the table. This ratio was 
less than 1.0 except for one test run (DB 1) indicating that nonlinear response produced 
smaller deflections than that for a linear elastic oscilator. 
Elastic demand forces and deflections are compared with measured force-
deflection curves in Figures 5.2 through 5.4. Base shear values were normalized by 
dividing them by the total weight of the structure (51.5 kN), while deflections were 
divided by the total height (2.43 m) of the structure to give a drift percentage. The 
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estimated peak response of a linear oscilator is depicted with a dot at the end of a line 
representing its behavior. 
In general, the slope of the line representing the linear oscilator matched the 
average stiffness of the measured hysteresis relation. This good correlation suggests that 
linear elastic models can estimate overall force-deflection behavior of nonlinear systems. 
The correlation was best for the PT test structure because that system remained elastic 
though nonlinear for all test runs. The DB test structure had permanent deformations that 
could not be modeled with an elastic analysis, and therefore the correlation for later test 
runs was not as good as for the PT test structure. 
5.5 Nonlinear Static Analysis 
A push-over analysis was done to evaluate its accuracy in depicting the global 
lateral force-deflection relation for the two test structures. Lateral in-plane forces in a 
fixed, inverted triangular distribution were applied in incremental steps as individual 
beam-column connections developed a plastic hinge. The nonlinear static analysis was 
done using the DRAIN 2DX program with the model presented in Figure 5.5. The 
following simplifying assumptions were made. 
For the DB structure: 
• Columns remained elastic and had a moment of inertia equal to the gross moment of 
inertia of the section. 
• Beams had a moment of inertia equal to the moment of inertia of the cracked section. 
• Stress-strain relations for steel coupling bars in tension were depicted with a trilinear 
curve based on coupon tests. 
• Steel coupling bars yielded over a 25 mm. length and were represented with link 
elements that carried only axial tensile or compressive forces. Compression and 
tension links yielded at the same time to limit the amount of force transferred to the 
connections after yielding. Prior to yield, compression links had infinite stiffness. 
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• Shear at the beam-column connections was carried by bearing elements on which the 
beams were seated. 
• One-fourth of the push-over force was applied to each exterior column, while the 
interior column was subjected to one-half of the force. 
For the PT structure: 
• Beams and columns remained elastic and had a moment of inertia equal to the gross 
moment of inertia of the section. 
• Plastic hinges formed at the end of the beams. 
• Plastic hinges were modeled as rotational springs of zero length. Rotational stiffness 
of the hinges were determined from the moment-rotation plots obtained from static 
tests (Appendix Y). 
• Plastic hinges had a nonlinear and elastic behavior. 
• One-fourth of the lateral force was applied to each exterior columns, while the interior 
column was subjected to one-half of the force. 
Calculated push-over curves are superimposed over measured force-deflection 
curves for the DB and PT in Figures 5.6a and 5.6b. The base shear and story drift were 
normalized as was done for the elastic dynamic analysis (Section 5.3). Because the push-
over analysis is initiated from an absolute datum that disregards any previous loading, 
direct comparison with the measured curves cannot be made, particularly for the DB test 
structure which had considerable permanent deflections from previous test runs. 
In a global sense, the push-over curves provided a suitable depiction of the overall 
force-deflection behavior of the test structure if loaded at static rates with monotonically 
increasing forces. Particularly for the PT test structure, the push-over curve provided a 
good representation of the envelop of all cyclic response for the dynamically tested 
structure. This was again because loading cycles for the PT structure returned to the 
origin of the force-deflection relation. The DB test structure was modeled with less 
stiffnesss than observed in the low-amplitude loading cycles, however, the lower 
stiffnesses were appropriate for higher-amplitude cycles. 
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Actual base shear forces exceeded those estimated with the push-over analysis by 
a significant amount. Because of strain-hardening in the connection of the DB test 
structure, a single discrete value of strength for comparison with the peak dynamic force 
is not available. However at a specific drift level of 1.0%, measured base shear exceeded 
push-over strength by as much as 70%. Smaller strengths were observed in cycles 
subsequent to this peak cycle which conformed more to the push-over curve. This ratio 
was much less for the PT structure at approximately 30%. 
Dynamic action typically has a larger stiffness and strength than static action as a 
result of strain-rate effects. Strength increases similar to these values have been observed 
in other shaking table tests. 
5.6 Linear Dynamic Analysis 
A linear dynamic analysis was done for comparison with the measured response. 
A finite element analysis was developed using Finite I software. The initial average 
stiffness of the model was assumed to be the best fit line of the measured dynamic force-
deflection relationship for the dynamic test runs. The average calculated stiffness using 
this method for the DB2 test run is presented in Figure 5.7. Then, an equivalent lateral 
triangular distribution of force was applied to the system to simulate the lateral force 
distribution determined from dynamic tests (Section 4.6). The moment of inertia of the 
beams was adjusted until the stiffness of the model was equal to the average stiffness 
obtained from dynamic tests. Columns were assumed to have a moment of inertia equal 
to the gross moment of inertia since cracking patterns during dynamic tests suggested a 
weak-beam strong-column mechanism (Figures 4.1 and 4.3). 
Once the appropriate stiffnesses for beams and columns were determined, a linear 
dynamic analysis was done with the software SARSAN. The response spectrum was 
assumed to be constant and equal to the spectral acceleration for each dynamic test run 
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(Table 4.1). Calculated first mode shapes, fundamental frequencies and maximum drift 
for each test run are also presented in Tables 5.4 and 5.5. 
Calculated drifts were similar to measured deflection maxima (Figure 5.8) and 
consistently less than measured maxima for the PT structure. For the last test run of the 
DB structure calculated drifts exceeded the measured peak deflection. In general, peak 
drifts could be estimated reliably using a linear dynamic analysis based on an equivalent 
stiffness equal to the average for the cycle of peak response. 
Calculated frequencies were consistently larger than measured values, yet the 
trend in reduction with increasing lateral deflection was the same (Figure 5.9). 
Measured and calculated participation and effective weight factors plotted in 
Figures 5.10 and 5.11 correlated well because of the insensitivity of the deflected shape to 
stiffness assumptions. This is also seen in comparison of measured and computed 
deflected shapes in Figure 5.12. 
5.7 Conclusions 
Various analyses were done to compare response estimates with measured values. 
The following conclusions were deduced from this study. 
• Simple estimates of base shear capacity were made using conventional virtual work 
concepts to relate static member strengths to system strength. 
• Base shear demand based on first-mode action and elastic spectral response exceeded 
observed capacity by 24% and 13% for DB and PT structures. 
• Elastic deflections exceeded observed peak deflections in nine out of ten test runs. 
• The push-over analysis provided similar trends regarding stiffness reductions of the 
frame systems, but could not depict the precise force-deflection envelop for the DB 
structure. Measured base shear forces significantly exceeded strengths estimated with 
the method. 
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• Fundamental frequencies and deflection maxima could be determined reliably using a 
linear model with an equivalent stiffness representing the average slope of a peak 
response cycle. 
• Elastic analyses were more accurate for the PT structure than for the DB structure 
even though both systems had significant nonlinear action. 
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Level Post;..TensionedForce(kN) Internal Moment (kN-mm) 
6 27.21 2696 
5 29.88 2889 
4 35.23 3251 
3 40.59 3568 
2 42.82 3670 
1 42.82 3670 
Table 5.1 - Post - Tensioned Forces in PT Strands and Internal Moments in Beams at the Beam-Column 
Interface 
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DBl 30.1 23.7 0.79 4.8 4.3 1.12 
DB2 58.4 81.9 1.40 16.7 25.9 0.64 
DB3 78.7 91.3 1.16 38.4 44.2 0.87 
DB4 78.2 96.9 1.24 55.1 84.6 0.65 
PTl 25.9 33.1 1.28 3.1 4.1 0.76 
PT2 54.3 87.0 1.60 10.9 18.2 0.60 
PT3 90.4 103 1.14 37.0 45.9 0.81 
PT4 85.5 94.6 1.11 50.3 69.4 0.72 
PT5 87.0 98.2 1.13 48.1 69.3 0.69 
PT6 102 115 1.13 81.2 87.5 0.93 
Table 5.2 - Demand-to-Capacity Ratios 
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::M()d~il 
Pafti¢ip~tioll 
;F~ctor 
DB! 6.72 0.14 1.25 0.91 
DB2 5.38 0.80 1.27 0.89 
DB3 4.19 1.49 1.29 0.88 
DB4 3.04 3.09 1.32 0.86 
PTI 8.16 0.13 1.24 0.92 
PT2 6.69 0.52 1.25 0.91 
PT3 4.87 1.20 1.28 0.89 
PT4 3.85 1.86 1.30 0.87 
PT5 3.85 1.86 1.30 0.87 
PT6 3.29 3.03 1.32 0.86 
Table 5.3 - Calculated Data from Linear-Elastic Dynamic Program 
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I ' li.eyel:'I' .. ' .•... T~$tRtin it!,;;" ' ':'><>;','081,,:>1", '082 ("I" ,DB3" , "r'><'I'lB4,',1 ""PT1y 'l PT,? ,', 'I I. :1: ....... ,I' r:"~ .:t"'If+, '.:.. ·tf· 
6 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
5 0.94 0.92 0.93 0.88 0.94 0.94 0.92 0.90 0.90 
4 0.84 0.82 0.79 0.75 0.85 0.84 0.81 0.78 0.78 
3 0.71 0.68 0.65 0.60 0.73 0.71 0.67 0.64 0.64 
2 0.54 0.51 0.47 0.43 0.57 0.54 0.50 0.46 0.46 
1 0.33 0.30 0.27 0.24 0.36 0.33 0.29 0.26 0.26 
Table 5.4 Calculated, First Mode Shape Coordinates using Linear Dynamic Analysis 
DT6 
1.00 
0.89 
0.76 
0.61 
0.44 
0.34 
,TestK 
nB~:[ :'uj:::Fm 'PT~' .,.' t:pm~r . ·IPT5·I?PTE), 
,:::::::: .. ::::::".:.:::.:,:: .. ", 
et~q:~~PB¥(ti.~) 
",' ~~~r~:·;V.:',:;~;.~r! :. 
:./ ..... ;;;;~ 
6.72 
3.50 
0.20 
5.38 
19.30 
0.69 
4.19 
35.90 
1.59 
3.04 
74.70 
2.28 
8.16 
3.20 
0.13 
6.69 
12.60 
0.45 
4.87 
28.90 
1.53 
Table 5.5 Calculated Top Level Drift using Linear Dynamic Analysis 
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3.85 
44.90 
2.08 
3.85 
44.90 
2.08 
3.29 
73.20 
3.36 
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0.836 1------1 .. , 
1830 mm 
Figure 5.1 - Virtual Work Model to Estimate Peak Base Shear 
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Figure 5.5 DRAIN Model for DB Test Structure 
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Figure 5.9 - Measured and Calculated Frequencies versus Top Level Drift 
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CHAPTER 6. SUMMARY AND CONCLUSIONS 
6.1 Summary 
6.1.1 Objectives of the Study 
The first objective of this investigation was to develop andlor verify methods of 
analysis for nonlinear response of precast concrete frame systems used in buildings. The 
second objective was to help extrapolate behavior observed in large-scale PRESSS 
experiments to nonlinear dynamic response of frame buildings. The third objective of the 
research was to provide measured dynamic data for future development of computational 
models. 
6.1.2 Summary of Experimental Work 
Two one-tenth scale, precast concrete test structures were constructed and 
subjected to simulated earthquake motions in this investigation. The test structures 
consisted of two, parallel six -story frames that were coupled with rigid floor diaphragms. 
Precast beam and column members were attached using two different types of moment 
resisting connections. The first test structure (DB) used a "dog-bone" connection similar 
to those tested by Kreger (1994) at the University of Texas. With this connection, steel 
rods yielding in tension or compression were used to link beam and column members. 
The second structure (PT) used unbonded post-tensioning rods to secure beam members 
to column members. The two specimens were tested dynamically on the earthquake 
simulator at the University of illinois using different simulated versions of the north-
south component of the 1940 E1 Centro earthquake ground motion. 
In addition to the dynamic tests, static tests were done to evaluate the behavior of 
each type of beam-column connection. Specimens represented a beam-column joint from 
the mid-point of the beam bay, and the column one story above and below the floor level. 
Connection specimens were subjected to a predefined regime of slowly applied deflection 
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reversals to examine hysteresis relations. A total of eight beam-column joints (five dog-
bone and three post-tensioned) were tested. 
6.2 Conclusions 
6.2.1 Measured Static Response 
The following conclusions were deduced from measured results of the static 
beam-column connection tests. 
• Behavior of the dog-bone connections was nonlinear and inelastic. 
• Behavior of the post-tensioned connections was nonlinear and elastic. 
• Extensive and concentrated damaged was observed in the dog-bone region of 
the DB specimens as a result of large inelastic strains in the steel coupling 
bars. 
• Little damage was observed in the post-tensioned specimens because 
deflections were principally attributable to straining of the post-tensioning 
rods. 
• Post-tensioned and dog-bone specimens were able to reach large deformation 
levels (up to 3% of the story drift for PT specimens) before failure without 
having a significant loss in moment capacity. 
• Post-tensioned and dog-bone connections proved to be suitable designs for 
joining beam and column members so that nonlinear action could be confined 
to connectors. 
• Post-tensioned and dog-bone specimens had the same general behavior as the 
specimens tested by Priestley (1994) and Kreger (1994) at the University of 
Texas, respectively. 
6.2.2 Measured Dynamic Response 
The following conclusions were deduced from dynamic tests of the six -story 
precast frame systems. 
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• The two test structures behaved in a ductile manner when subjected to seismic 
loads. 
• Little damage was observed in both structures even after final test runs. 
• Damage of the connections was much less than observed during the static 
connection tests at the same drift level. 
• The application of lateral force could be expressed with a simple inverted 
triangular distribution. 
• Both test structure deflected primarily in the first mode. 
• The DB structure dissipated more energy than the PT structure through 
inelastic straining of the steel coupling rods. 
• The PT structure was slightly stiffer than the DB structure. 
• The frequency of both PT and DB structures decreased as the amount of 
damage and lateral drift increased. 
• Modal participation and effective weight factors decreased as the lateral drift 
increased. 
• The capacity-spectrum method was found to be acceptable for estimating 
lateral deflections provided that estimates are increased by a factor of at least 
1.3. 
6.2.3 Measured vs. Computed Response 
Four types of analytical models were studied. Each proved to provide reasonable 
estimates of peak lateral strength and/or general response of the structure. 
Base shear strength could be estimated reliably using a virtual work approach 
where plastic hinges developed at the ends of beam members (the base of the columns 
were also pinned by design). Using connection strengths from the static beam-column 
assemblage tests, simple hand calculations matched measured peak base shears within a 
few percent. 
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Base shears and top-level deflections could be estimated from elastic spectral 
response curves (determined from measured base accelerations, frequencies and deflected 
shapes) assuming first-mode action. These elastic base shears were higher than measured 
dynamic base shears by factors of 1.2 and 1.1 (for DB and PT test structures) for the later 
test runs where nonlinear action was known to occur. 
A static, nonlinear analysis (push-over) was done using the DRAIN-2Dx program, 
by applying an increasing lateral force to the test structure in a triangular distribution. The 
calculated strength and stiffness of both structures was less than the measured strength 
during the dynamic tests. In an approximate manner, the push-over curve could represent 
the envelope curve for all dynamic loading cycles. However, direct comparisons in this 
regard were difficult for the DB test structure because substantial residual deflections 
were not represented with the push-over curve. 
A linear dynamic analysis using the SARSAN program showed that an equivalent 
linear model could represent nonlinear response maxima. The stiffness of the system was 
assumed to be the best fit line of the measured dynamic force-deflection relationship for 
each dynamic test run. Spectral response values were taken from measured base motions 
and apparent frequencies. This linear analysis also provided good estimates of first-mode 
frequencies, shapes, and participation factors. 
6.3 Recommendations 
The following recommendations are given based on observations from this 
experimental investigation. 
• Tension-compression yielding connections and post-tensioned connections 
can each be used to join frame members in a continuous manner for improved 
dynamic performance. 
• Peak base-shear strength can be estimated from component strengths using a 
simple collapse mechanism and virtual work concepts. 
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• First-mode, elastic spectral response reduced by a factor of 1.2 can provide 
reasonable estimates of peak base shear and deflection response. 
• Lateral deflection estimates using the capacity spectrum method, increased by 
a factor of 1.3, can provide reasonable estimates of peak nonlinear deflection. 
• Nonlinear static analyses using the push-over method provided an 
approximate envelop curve for the dynamic test data. 
6.4 Future Research 
The experimental research relied on large and reduced-scale static tests of beam-
column connections and dynamic tests of two reduced-scale frame systems. The 
investigation was an exploratory one since it was a first to examine dynamic response of 
precast concrete frames with innovative designs. Much more future research can follow 
to investigate response of frames with a different number of stories or bays, frames with 
different connection types, frames subjected to torsion and other three-dimensional 
effects and frames subjected to base motions other than the 1940 EI Centro motion. 
Future research can also focus on new performance-based codes for design of new 
construction as well as rehabilitation of existing construction. 
Few if any large-scale tests of frame systems have been done particularly for 
precast concrete. A true dynamic test of a large-scale system would extend the 
conclusions drawn from this reduced-scale investigation to practice much more readily. 
Specific connection details could be incorporated into such a large-scale dynamic test that 
would replicate exactly those in actual construction. Actual base motions could be input 
to such a test structure without the need for compressing durations or artificially 
modifying intensities. 
Since development of needed dynamic testing facilities has not yet commenced, a 
large-scale static test of a frame system would provide an interesting consolation 
experiment. Although strain-rate effects could not be observed, such a large-scale static 
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experiment could explore relations between component properties and system behavior in 
a controlled manner. Similar studies on steel, concrete and masonry large-scale test 
structures have revealed new traits of behavior not envisioned before the experiment. A 
large-scale precast concrete experiment would continue this trend. 
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Measured Material Properties 

I··>}/ ...•.. •···•·· •... · ....... Mix1 .. Mix2 .'/ Mix3 'MiX.4 Mix5' MikE) 
Fine Aggregate Content (Ibs) 302.0 302.0 302.0 302.0 302.0 302.0 
Coarse Aggregate Content (Ibs) 212.4 212.4 212.4 212.4 212.4 212.4 
Cement Content (Ibs) 119.9 119.9 119.9 119.9 119.9 119.9 
Water Content (Ibs) 65.7 65.7 65.7 65.7 65.7 65.7 
Total Aggregate Content (Ibs) 514.4 514.4 514.4 514.4 514.4 514.4 
Total Weight (Ibs) 700.0 700.0 700.0 700.0 700.0 700.0 
AggregatelTotal Weight Ratio 0.73 0.73 0.73 0.73 0.73 0.73 
FineslTotal Weight Ratio 0.59 0.59 0.59 0.59 0.59 0.59 
Water/Cement Ratio 0.55 0.55 0.55 0.55 0.55 0.55 
Slump (in) 1.5" 3" 3.25" 1.75" 3.25" 3.75" 
Casting Date 12-Jun-95 14-Jun-95 20-Jun-95 22-Jun-95 
., 27-Jun-95 29-Jun-95 
·p;·@)I·f¢tj~lmm~lil·.Bi·{lb)I·.fct;.·(Nlmm~}I·Rl·(lb).lff1HNlmfu~m~;;·(lp);I···fcf)uil'Jlmm~)·I··PI(lb)lfCfj(N!rnm<)·Lpi;(l~)]J2!{{N/rritrl~) 
223001 3.06 1190001 2.61 1235001 3.22 1210001 2.88 1280001 3.84 1343001 4.70 
1= 203.2 mm 124200 3.32 22000 3.02 20400 2.80 24200 3.32 22000 3.02 19000 2.61 
d= 101.6 mm 26500 3.63 27000 3.70 21800 2.99 21400 2.94 30000 4.12 32500 4.46 
19000 2.61 29000 3.98 32500 4.46 29700 4.07 28500 3.91 25000 3.43 
28100 3.85 24000 3.29 29600 4.06 25000 3.43 27600 3.79 26000 3.57 
Mean fct I 
3.29 3.32 3.51 3.33 3.73 3.75 
Standard Deviation 0.49 0.54 0.72 0.48 0.42 0.85 
Coefficient of Var. 0.15 0.16 0.20 0.14 0.11 0.23 
".:' Pi;(lb) ff;(N!mm~); PF{lb) ;fi'.;(N/ini'i'i~r P;(lb} . Jt;:{N'mm~) P~.(lb) ;fr;(N/rrim3); edtl!) ff;(N/mm~) P;(lb} "fr"{Nlmm~) 
b= 152.4 mm 10000 5.75 8500 4.88 9000 5.17 7500 4.31 7800 4.48 8700 5.00 
h= 152.4 mm 9600 5.52 8700 5.00 9200 5.29 8200 4.71 8300 4.77 7500 4.31 
1= 457.2 mm 9400 5.40 8500 4.88 9400 5.40 7300 4.19 8000 4.60 7600 4.37 
9300 5.34 8600 4.94 8800 5.06 8800 5.06 7800 4.48 8200 4.71 
Mean fr 1 5.50 4.93 5.23 4.57 4.58 4.60 Standard Deviation 0.18 0.06 0.15 0.39 0.14 0.32 Coefficient of Var. 0.03 0.01 0.03 0.09 0.03 0.07 
I __ ~.,~·.uI .• · ... ~ ,. /fp, (Ntmm"Y .• ·········.f'c'JWmm2} 
56.39 56.71 52.69 39.36 54.11 55.28 
48.35 39.50 53.78 42.80 57.33 55.11 
51.83 51.76 53.86 43.49 56.37 56.97 
57.42 55.69 55.07 42.64 50.15 56.22 
52.94 51.07 49.12 44.83 50.57 61.22 
Mean fc 53.39 50.95 52.91 42.62 53.71 56.96 
Standard Deviation 3.65 6.84 2.28 2.02 3.27 2.50 
Coefficient of Var. 0.07 0.13 0.04 0.05 0.06 0.04 
Table B.1 - Concrete Mixes for Dog-bone Frames 
B.1 
Fine Aggregate Content (Ibs) 
Coarse Aggregate Content (Ibs) 
Cement Content (Ibs) 
Water Content (Ibs) 
Total Aggregate Content (Ibs) 
Total Weight (Ibs) 
AggregateITotal Weight Ratio 
FinesITotal Weight Ratio 
Water/Cement Ratio 
Slump (in) 
Casting Date 
302.0 
212.0 
119.9 
65.7 
514.0 
699.6 
0.73 
0.59 
0.55 
1.75" 
3-Nov-95 
'Mik2' ..•• , Mig$l" 
345.2 345.2 
242.7 242.7 
137.0 137.0 
75.1 84.2 
587.9 587.9 
700.0 700.0 
0.84 0.84 
0.59 0.59 
0.55 0.61 
1.75" 1.5" 
6-Nov-95 8-Nov-95 
······Mb{4···.······ iMik5/'" '.' MbC:6 
345.2 345.2 366.2 
242.7 242.7 257.9 
137.0 137.0 145.6 
73.7 75.1 79.8 
587.9 587.9 624.1 
700.0 700.0 700.0 
0.84 0.84 0.89 
0.59 0.59 0.59 
0.54 0.55 0.55 
2.75" 2.25" 2.75" 
10-Nov-95 13-Nov-95 15-Nov-95 
I~ . ·• .•• 1 :p; •. '(l6).I·fCt;.{Nlmm~).I.p;.{lp)·' .• fctj·(NlmhlffiJIWi'··(I§)I·OCqt;i(r'J!m.mf).'.elf (IP1.I:fcti:(Nifuffiffix(:Pi(lb)·.1 Jct;:{Nlmm?}·I·.P;.·'(lb)·lfct/(N7mm~) 
175001 2.40 1180001 2.47 1215001 2.95 1195001 2.67 1210001 2.88 1260001 3.57 
1= 203.2 mm 119000 2.61 20000 2.74 25000 3.43 26500 3.63 19000 2.61 15000 2.06 
d = 101.6 mm 20000 2.74 30000 4.12 27000 3.70 17000 2.33 16500 2.26 20000 2.74 270001 170001 165001 120000 
Mean fct 
Standard Deviation 
Coefficient of Var. 
b= 
h= 
1= 
152.4 mm 
152.4 mm 
457.2 mm 
Mean fr 
Standard Deviation 
Coefficient of Var. 
Mean fc 
Standard Deviation 
Coefficient of Var. 
.'::::' .......... : ......... 
22000 3.02 121000 2.88 25000 3.43 
2.69 3.05 3.38 
0.26 0.73 0.31 
0.10 0.24 0.09 
16) . fr/(Nlmm~):' Pi (Ib) fr~(Nlmmf} iP,;Wb) fr;(N/mrif'}' 
7500 4.31 7700 4.42 6900 3.96 
7300 4.19 8400 4.83 7800 4.48 
7200 4.14 7900 4.54 7800 4.48 
6900 3.96 8200 4.71 7500 4.31 
4.15 4.63 4.31 
0.14 0.18 0.24 
0.03 0.04 0.06 
41.82 30.87 46.05 
55.13 39.15 31.13 
48.24 48.18 34.57 
52.35 30.82 27.38 
47.30 21.99 40.38 
46.94 34.22 50.62 
48.63 34.20 38.35 
4.63 8.85 8.95 
0.10 0.26 0.23 
-------_._--
16000 2.19 
2.71 
0.65 
0.24 
Pi)(lb). ffi(N/mmf) 
8000 4.60 
8100 4.65 
8400 4.83 
8100 4.65 
4.68 
. 0.10 
0.02 
:f'C;(Nlmrril:} 
56.39 
53.25 
48.08 
37.97 
49.64 
40.67 
47.66 
7.13 
0.15 
25500 3.50 
2.81 
0.52 
0.19 
:8; (Ib) .ft;(Nlrom~)i· 
8100 4.65 
7850 4.51 
8100 4.65 
7900 4.54 
4.59 
0.08 
0.02 
.., ..... 
55.89 
46.93 
.56.26 
38.28 
43.83 
47.49 
48.11 
6.98 
0.15 
32000 
P.(lb) 
7200 
7100 
8300 
8100 
4.39 
3.19 
1.01 
0.32 
rr;(Nlmm1 
4.14 
4.08 
4.77 
4.65 
4.41 
0.35 
0.08 
fc.{N/inrn~) 
40.64 
41.58 
47.02 
52.94 
39.96 
56.43 
46.43 
6.95 
0.15 
---
Table B.2 - Concrete Mixes for Post Tensioned Frames 
B.2 
Mean fct 
B~i!ifprCing Steel 
(f;ensileTests 
Mean fct 
Standard Deviation 
Coefficient of Var. 
517.12 
544.52 
552.23 
Standard Deviation 39.53 
Coefficient of Var. 0.07 
13 Gauge Wire 15 Gauge Wire 
fy, .•. (N/mm2)·.I·.n.J, .• ·(NlmI)i3yl·ifYi·GN/rnmfJlitu;tNlmmf)·.LtY,(N/mm~)I·.fu.;(N1Q1ms) fy, (N/mm~) I fu, (N/mm~) 
360.65 401.90 410.77 439.32 562.06 682.05 600.65 721.34 
365.84 408.74 413.82 422.95 584.48 678.26 617.49 700.29 
373.38 415.11 413.82 432.47 551.64 677.31 600.65 722.75 
363.96 406.15 413.82 437.42 537.75 683.31 599.25 717.14 
365.13 406.86 416.86 434.37 
365.79 407.75 413.82 433.31 558.98 680.23 604.51 715.38 
4.69 4.81 2.15 6.37 19.70 2.90 8.68 10.34 
0.01 0.01 0.01 0.01 0.04 0.00 0.01 0.01 
752.22 502.06 824.14 582.02 767.94 518.42 763.92 603.24 816.78 
752.22 505.22 808.36 622.43 816.44 570.49 784.44 589.36 807.14 
464.17 805.20 
787.77 494.96 814.67 596.84 785.45 545.02 778.42 596.30 814.08 
61.58 20.69 9.29 22.26 26.91 26.05 12.62 6.94 6.06 
0.08 0.04 0.01 0.04 0.03 0.05 0.02 0.01 0.01 
Table B.3 - Reinforcing and Connecting Steel Material Properties 
B.3 
Tensile Strength, (N/mm ) 
Elongation at Break 
Compressive Yield Strength, (N/mm ) 
Compressive Modulus, (N/mm ) 
Slant Shear Strength, (N/mm ) 
Oamp-to-Damp Concrete 
Bond Strength, (N/mm2) 
4% 1.49% 
55.2 57.3 
280000 350000 
34.5 34.5 
10.3 12.4 
Table B.4 - Material Properties for Concresive Epoxy Paste and Liquid 
B.4 
QYlihci¢[,prU§o. 1'.·:····:0 ;< .•••• ; .... : ••• ::0 .", ... ~:/ fCi(f'J/mm~) f'.9,(Nlrntnf)'< I'" ,.2".· .. :: •.•••...•.• .. f'e;.{N/frim~}, . IF' rv{U.:'I!I J< >J.~" 1111.11 
56.39 56.71 52.69 39.36 54.11 55.28 
48.35 39.50 53.78 42.80 57.33 55.11 
51.83 51.76 53.86 43.49 56.37 56.97 
57.42 55.69 55.07 42.64 50.15 56.22 
52.94 51.07 49.12 44.83 50.57 61.22 
Mean fe 53.39 50.95 52.91 42.62 53.71 56.96 
Standard Deviation 3.65 6.84 2.28 2.02 3.27 2.50 
Coefficient of Var. 0.07 0.13 0.04 0.05 0.06 0.04 
Figure B.5a Concrete Compressive Strength for DB Static Tests 
Gylihga~:QrQ$h ; 1>+,,,, ....•.•....••.....•...... 1·:.·',.::Tl : ....... : ··::oe~~", 1.1.111. .. ....... fc,'(Nlrntn~) 
"'.' 
fc;~N/mmf) 
..'.'-" :U:.' ~.~g.. '1.:.:::.":: I·lld ••• , ......... : •• H ...... :1 •. " .• : .. :. 
41.82 30.87 46.05 56.39 55.89 40.64 
55.13 39.15 31.13 53.25 46.93 41.58 
48.24 48.18 34.57 48.08 56.26 47.02 
52.35 30.82 27.38 37.97 38.28 52.94 
47.30 21.99 40.38 49.64 43.83 39.96 
46.94 34.22 50.62 40.67 47.49 56.43 
Mean fc 48.63 34.20 38.35 47.66 48.11 46.43 
Standard Deviation 4.63 8.85 8.95 7.13 6.98 6.95 
Coefficient of Var. 0.10 0.26 0.23 0.15 0.15 0.15 
Figure B.5b Concrete Compressive Strength for PT Static Tests 
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Figure B.6 - Concrete Stress-Strain Curve for DB Mix 1 
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Figure B.7 - Concrete Stress-Strain Curve for DB Mix 2 
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Figure B.8 - Concrete Stress-Strain Curve for DB Mix 3 
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Figure B.9 - Concrete Stress-Strain Curve for DB Mix 4 
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Figure B.1 0 - Concrete Stress-Strain Curve for DB Mix 5 
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Figure 8.12 - Concrete Stress-Strain Curve for PT Mix1 
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Figure B.13 - Concrete Stress-Strain Curve for PT Mix 6 
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Figure 8.14 - Concrete Stress-Strain Curve for PT Mix 3 
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Figure B.16 - Concrete Stress-Strain Curve for PT Mix 5 
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Figure B.17 - Concrete Stress-Strain Curve for PT Mix 6 
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Figure B .18 - Steel Stress Strain Curves for 13 Gauge Wire 
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Figure B.19 - Steel Stress Strain Curves for 15 Gauge Wire 
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Figure B.20 - Steel Stress Strain Curves for #2 Deformed Bars 
B.20 
12 14 16 
800 
700 -
600 
-N 500 ~-E 
E 
--~ 400 
fJ) 
fJ) 
(1) 
.... 300 -.., 
en 
200 -.-
100 
0 
0 2 3 4 5 6 7 8 
Strain, (%) 
Figure 8.21 - Steel Stress Strain Curves for #3 Deformed bars 
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Figure B.22 - Steel Stress Strain Curves for 3/16 11 Dog Bone Couplers 
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Figure B.23 - Steel Stres·s Strain Curves for 1/411 Dog Bone Couplers 
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Figure B.24 - Steel Stress Strain Curves for 5/16" Post Tensioning Rod 
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Figure B.25 - Steel Stress Strain Curves for 7/16" Post-Tensioning Rod 
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Appendix C 
Measured Dynamic Response during Test Run DB1 
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Figure C.1 - Test Run DB1, Target, Platform and Base Accelerations 
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Figure C.2 - Test Run DB1, Fourier Amplitude Spectra of Target, Platform and Base Accelerations 
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Figure C.3 - Test Run DB1, Acceleration Response Spectra 
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Figure C.4 - Test Run 081, Displacement Response Spectra 
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Figure C.5 - Test Run DB1, North Frame Displacements 
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Figure C.6 - Test Run DB1 , South Frame Displacements 
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Figure C.? - Test Run DB1, North Frame Accelerations 
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Figure C.B - Test Run DB1, Fourier Amplitude Spectra of North Frame Accelerations 
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Figure C.g - Test Run DB1, South Frame Accelerations 
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Figure C.10 - Test Run DB1, Fourier Amplitude Spectra of South Frame Accelerations 
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Figure C.11 - Test Run DB1, North Frame Shears 
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Figure C.12 - Test Run OB1, South Frame Shears 
C.12 
24 
Sixth Story Max + Time 
12 1.4 1.944 
0 
-12 Max- lime 
-1.6 2.048 
-24 
24 
Fifth Story 
Max + Time 12 
4.0 1.960 
0 
Max- Time 
-12 
-4.4 2.048 
-24 
24 
Fourth Story Max + Time 
12 7.7 1.960 
0 
E -12 Max- Time 
:Z -8.4 2.048 
~ -24 
+-' 
c 24 CD 
E Third Story Max + Time 0 12 ~ 12.6 1.952 
0 
Max- lime 
-12 
-13.3 2.048 
-24 
24 
Second Story Max + Time 
12 18.4 1.952 
0 
-12 Max- Time 
-18.9 2.048 
-24 
24 
First Story 
Max + Time 12 
25.4 1.952 
0 
Max- Time 
-12 
-25.5 2.048 
-24 
0 2 4 6 8 10 12 14 16 18 20 22 
Time (seconds) 
Figure C.13 - Test Run DB1, North Frame Moments 
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Figure C.1S - Test Run DB1, Top Level Longitudinal and Transverse Accelerations 
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Figure C.16 - Test Run DB1, Fourier Amplitude Spectra of Top Level Accelerations 
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Figure C.17 - Test Run 081, Lower Level Gap Openings 
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Figure C.18 - Test Run DB1, Upper Level Gap Openings 
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Figure C.20 - Test Run DB1, Hysteretic Response 
C.20 
Time (seconds) => 1.960 1.984 2.008 2.024 2.048 
• 
Legend 
~ ~ ~ .. \ , I I I I I 
-1 0 -1 0 1 -1 0 -1 0 -1 0 
. North Inertial Force Distributions 
• 0 . Frame 
~ 
-, ...... 
, 
t South i ;7 Frame 
-1 o -1 o -1 o -1 o -1 o 
Displaced Shapes 
Figure C.21 - Test Run DB1, Displaced Shapes and Inertial Force Distributions at Maximum Drift 

Appendix D 
Measured Dynamic Response during Test Run DB2 

Figure D.1 - Test Run DB2, Target, Platform and Base Accelerations 
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Figure 0.2 - Test Run OB2, Fourier Amplitude Spectra of Target, Platform and Base Accelerations 
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Figure 0.3 - Test Run 082, Acceleration Response Spectra 
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Figure 0.5 - Test Run 082, North Frame Displacements 
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Figure 0.6 - Test Run 082, South Frame Displacements 
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Figure 0.7 - Test Run 082, North Frame Accelerations 
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Figure 0.8 - Test Run 082, Fourier Amplitude Spectra of North Frame Accelerations 
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Figure 0.9 - Test Run 082, South Frame Accelerations 
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Figure 0.10 - Test Run 082, Fourier Amplitude Spectra of South Frame Accelerations 
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Figure 0.11 - Test Run 082, North Frame Shears 
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Figure 0.12 - Test Run 082, South Frame Shears 
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Figure 0.13 - Test Run 082, North Frame Moments 
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Figure 0.15 - Test Run 082, Top Level Longitudinal and Transverse Accelerations 
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Figure 0.16 - Test Run 082, Fourier Amplitude Spectra of Top Level Accelerations 
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Figure 0.17 - Test Run 082, Lower Level Gap Openings 
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Figure 0.18 - Test Run 082, Upper Level Gap Openings 
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Figure 0.20 - Test Run 082, Hysteretic Response 
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Figure 0.21 - Test Run DB2, Displaced Shapes and Inertial Force Distributions at Maximum Drift 

Appendix E 
Measured Dynamic Response during Test Run 083 
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Figure E.1 - Test Run OB3, Target, Platform and Base Accelerations 
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Figure E.2 - Test Run DB3, Fourier Amplitude Spectra of Target, Platform and Base Accelerations 
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Figure E.3 - Test Run 083, Acceleration Response Spectra 
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Figure E.4 - Test Run 083, Displacement Response Spectra 
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Figure E.5 - Test Run 083, North Frame Displacements 
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Figure E.6 - Test Run 083, South Frame Displacements 
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Figure E.7 - Test Run OB3, North Frame Accelerations 
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Figure E.8 - Test Run 083, Fourier Amplitude Spectra of North Frame Accelerations 
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Figure E.g - Test Run 083, South Frame Accelerations 
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Figure E.10 - Test Run 083, Fourier Amplitude Spectra of South Frame Accelerations 
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Figure E.12 - Test Run 083, South Frame Shears 
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Figure E.14 - Test Run D83, South Frame Moments 
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Figure E.15 - Test Run 083, Top Level Longitudinal and Transverse Accelerations 
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Figure E.16 - Test Run 083, Fourier Amplitude Spectra of Top Level Accelerations 
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Figure E.17 - Test Run 083, Lower Level Gap Openings 
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Figure E.18 - Test Run DB3, Upper Level Gap Openings 
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Figure E.19 - Test Run 083, Hinge Rotations 
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Figure E.20 - Test Run 083, Hysteretic Response 
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Figure E.21 - Test Run 083, Displaced Shapes and Inertial Force Distributions at Maximum Drift 

Appendix F 
Measured Dynamic Response during Test Run DB4 
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Figure F.1 - Test Run DB4, Target, Platform and Base Accelerations 
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Figure F.2 - Test Run D84, Fourier Amplitude Spectra of Target, Platform and Base Accelerations 
F.2 
5 
20/0 
50/0 
10% 
Damping 
4 
200/0 
O+-----+-----~----;_----;_----;_----~----~----_r----_r----~ 
o 0.1 02 0.3 0.4 0.5 
Period (seconds) 
Figure F.3 - Test Run DB4, Acceleration Response Spectra 
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Figure F.4 - Test Run 084, Displacement Response Spectra 
F.4 
60 Sixth Level Max + lime 
30 59.8 2.080 
0 
-30 Max- lime 
-50.6 1.904 
-60 
60 Fifth Level 
30 Max + lime 
57.4 2.080 
0 
Max- lime 
-30 
-48.1 1.904 
-60 
60 Fourth Level Max + lime 
. 30 532 2.080 
0 
E g -30 Max- lime 
'E -43.6 1.904 
CD -60 
E 
60 CD Third Level () 
ro Max + lime c.. 30 
.~ 45.6 2.080 
0 
0 
Max- lime 
-30 
-372 1.904 
-60 
60 Second Level Max + lime 
30 352 2.072 
0 
-30 Max- lime 
-26.5 1.904 
-60 
60 First Level 
30 Max + lime 
19.3 2.064 
a 
Max- lime 
-30 
-142 1.904 
-60 
0 2 4 6 8 10 12 14 16 18 20 22 
Time (seconds) 
Figure F.S - Test Run 084, North Frame Displacements 
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Figure F.6 - Test Run DB4, South Frame Displacements 
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Figure F.7 - Test Run 084, North Frame Accelerations 
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Figure F.8 - Test Run OB4, Fourier Amplitude Spectra of North Frame Accelerations 
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Figure F.9 - Test Run 084, South Frame Accelerations 
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Figure F.10 - Test Run OB4, Fourier Amplitude Spectra of South Frame Accelerations 
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Figure F.11 - Test Run 084, North Frame Shears 
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Figure F.13 - Test Run 084, North Frame Moments 
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Figure F.15 - Test Run 084, Top Level Longitudinal and Transverse Accelerations 
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Figure F.16 - Test Run OB4, Fourier Amplitude Spectra of Top Level Accelerations 
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Figure F.17 - Test Run 084, Lower Level Gap Openings 
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Figure F.18 - Test Run OB4, Upper Level Gap Openings 
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Figure F.20 - Test Run 084, Hysteretic Response 
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Figure F.21 - Test Run DB4, Displaced Shapes and Inertial Force Distributions at Maximum Drift 

Appendix G 
Measured Dynamic Response during Free Vibration Run DB 1 
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Figure G.1 - Free Vibration Run DB1, Top Level Displacements and Accelerations 
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Figure G.2 - Free Vibration Run DB1, Fourier Amplitude Spectra and Filtered Accelerations 
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Appendix H 
Measured Dynamic Response during Free Vibration Run DB2 
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Figure H.1 - Free Vibration Run 082, Top Level Displacements and Accelerations 
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Figure H.2 - Free Vibration Run 082, Fourier Amplitude Spectra and Filtered Accelerations 
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Figure 1.1 - Free Vibration Run 083, Top Level Displacements and Accelerations 
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Figure 1.2 - Free Vibration Run 083, Fourier Amplitude Spectra and Filtered Accelerations 
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Measured Dynamic Response during Free Vibration Run DB4 
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Figure J.1 - Free Vibration Run DB4, Top Level Displacements and Accelerations 
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Figure J.2 - Free Vibration Run 084, Fourier Amplitude Spectra and Filtered Accelerations 
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Figure K.1 - Test Run PT1, Target, Platform and Base Accelerations 
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Figure K.2 - Test Run PT1, Fourier Amplitude Spectra of Target, Platform and Base Accelerations 
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Figure K.3 - Test Run PT1, Acceleration Response Spectra 
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Figure K.4 - Test Run PT1, Displacement Response Spectra 
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Figure K.S - Test Run PT1, North Frame Displacements 
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Figure K.6 - Test Run PT1, South Frame Displacements 
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Figure K.7 - Test Run PT1, North Frame Accelerations 
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Figure K.8 - Test Run PT1, Fourier Amplitude Spectra of North Frame Accelerations 
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Figure K.9 - Test Run PT1, South Frame Accelerations 
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Figure K.1 0 - Test Run PT1, Fourier Amplitude Spectra of South Frame Accelerations 
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Figure K.14 - Test Run PT1, South Frame Moments 
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Figure K.15 - Test Run PT1, Top Level Longitudinal and Transverse Accelerations 
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Figure K.16 - Test Run PT1, Fourier Amplitude Spectra of Top Level Accelerations 
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Figure K.17 - Test Run PT1, Lower Level Gap Openings 
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Figure K.18 - Test Run PT1, Upper Level Gap Openings 
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Figure K.19 - Test Run PT1, Hinge Rotations 
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Figure K.20 - Test Run PT1, Hysteretic Response 
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Figure K.21 - Test Run PT1, Displaced Shapes and Inertial Force Distributions at Maximum Drift 
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Figure K.22 - Test Run PT1, North Frame, Axial Post-Tensioning Stresses 
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Figure K.23 - Test Run PT1, North Frame, Flexural Post-Tensioning Stresses 
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Measured Dynamic Response during Test Run PT2 
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Figure L.1 - Test Run PT2, Target, Platform and Base Accelerations 
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Figure L.2 - Test Run PT2, Fourier Amplitude Spectra of Target, Platform and Base Accelerations 
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Figure L.3 - Test Run PT2, Acceleration Response Spectra 
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Figure L.4 - Test Run PT2, Displacement Response Spectra 
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Figure L.5 - Test Run PT2, North Frame Displacements 
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Figure L.6 - Test Run PT2, South Frame Displacements 
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Figure L.7 - Test Run PT2, North Frame Accelerations 
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Figure L.8 - Test Run PT2, Fourier Amplitude Spectra of North Frame Accelerations 
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Figure L.g - Test Run PT2, South Frame Accelerations 
L.g 
(1) 
"'0 
~ 
li 
E 
« 
"'0 (1) 
.~ 
ro 
E 
:to... 
0 
Z 
0.8 
0.6 
0.4 
02 
0 
0.8 
0.6 
0.4 
02 
0 
0.8 
0.6 
0.4 
0.2 
0 
0.8 
0.6 
0.4 
0.2 
0 
0.8 
0.6 
0.4 
02 
0 
0.8 
0.6 
0.4 
02 
0 
0 5 10 15 20 
Frequency (Hz) 
Sixth Level 
Fifth Level 
Fourth Level 
Third Level 
Second Level 
First Level 
25 30 
Peak 
Frequency 
5.402 
Peak 
Frequency 
5.402 
Peak 
Frequency 
5.402 
Peak 
Frequency 
5.402 
Peak 
Frequency 
5.402 
Peak 
Frequency 
5.402 
Figure L.1 0 - Test Run PT2, Fourier Amplitude Spectra of South Frame Accelerations 
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Figure L.11 - Test Run PT2, North Frame Shears 
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Figure L.13 - Test Run PT2, North Frame Moments 
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Figure L.14 - Test Run PT2, South Frame Moments 
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Figure L.15 - Test Run PT2, Top Level Longitudinal and Transverse Accelerations 
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Figure L.16 - Test Run PT2, Fourier Amplitude Spectra of Top Level Accelerations 
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Figure L.17 - Test Run PT2, Lower Level Gap Openings 
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Figure L.18 - Test Run PT2, Upper Level Gap Openings 
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Figure L.19 - Test Run PT2, Hinge Rotations 
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Figure L.20 - Test Run PT2, Hysteretic Response 
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Figure L.21 - Test Run PT2, Displaced Shapes and Inertial Force Distributions at Maximum Drift 
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Figure L.22 - Test Run PT2, North Frame, Axial Post-Tensioning Stresses 
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Figure L.23 - Test Run PT2, North Frame, Flexural Post-Tensioning Stresses 
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Appendix M 
Measured Dynamic Response during Test Run PT3 
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Figure M.1 - Test Run PT3, Target, Platform and Base Accelerations 
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Figure M.2 - Test Run PT3, Fourier Amplitude Spectra of Target, Platform and Base Accelerations 
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Figure M.3 - Test Run PT3, Acceleration Response Spectra 
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Figure M.4 - Test Run PT3, Displacement Response Spectra 
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Figure M.5 - Test Run PT3, North Frame Displacements 
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Figure M.6 - Test Run PT3, South Frame Displacements 
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Figure M.7 - Test Run PT3, North Frame Accelerations 
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Figure M.B - Test Run PT3, Fourier Amplitude Spectra of North Frame Accelerations 
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Figure M.9 - Test Run PT3, South Frame Accelerations 
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Figure M.1 0 - Test Run PT3, Fourier Amplitude Spectra of South Frame Accelerations 
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Figure M.11 - Test Run PT3, North Frame Shears 
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Figure M.12 - Test Run PT3, South Frame Shears 
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Figure M.13 - Test Run PT3, North Frame Moments 
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Figure M.15 - Test Run PT3, Top Level Longitudinal and Transverse Accelerations 
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Figure M.16 - Test Run PT3, Fourier Amplitude Spectra of Top Level Accelerations 
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Figure M.17 - Test Run PT3, Lower Level Gap Openings 
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Figure M.18 - Test Run PT3, Upper Level Gap Openings 
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Figure M.19 - Test Run PT3, Hinge Rotations 
M.19 
150 
E 
Z 
e, 
'E 
CD 
E 
0-2 
:2: 
2 
CD 
r.J) 
CO 
CO 
-150 
Top Level Drift (0/0) 
Figure M.20 - Test Run PT3, Hysteretic Response 
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Figure M.21 - Test Run PT3, Displaced Shapes and Inertial Force Distributions at Maximum Drift 
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Figure M.22 - Test Run PT3, North Frame, Axial Post-Tensioning Stresses 
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Figure M.23 - Test Run PT3, North Frame, Flexural Post-Tensioning Stresses 
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Appendix N 
Measured Dynamic Response during Test Run PT4 
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Figure N.1 - Test Run PT4, Target, Platform and Base Accelerations 
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Figure N.2 - Test Run PT4, Fourier Amplitude Spectra of Target, Platform and Base Accelerations 
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Figure N.3 - Test Run PT4, Acceleration Response Spectra 
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Figure N.4 - Test Run PT4, Displacement Response Spectra 
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Figure N.5 - Test Run PT4, North Frame Displacements 
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Figure N.6 - Test Run PT4, South Frame Displacements 
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Figure N.? - Test Run PT4, North Frame Accelerations 
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Figure N.B - Test Run PT4, Fourier Amplitude Spectra of North Frame Accelerations 
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Figure N.9 - Test Run PT4, South Frame Accelerations 
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Figure N.10 - Test Run PT4, Fourier Amplitude Spectra of South Frame Accelerations 
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Figure N.11 - Test Run PT4, North Frame Shears 
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Figure N.12 - Test Run PT4, South Frame Shears 
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Figure N.13 - Test Run PT4, North Frame Moments 
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Figure N.14 - Test Run PT4, South Frame Moments 
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Figure N.1S - Test Run PT4, Top Level Longitudinal and Transverse Accelerations 
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Figure N.16 - Test Run PT 4, Fourier Amplitude Spectra of Top Level Accelerations 
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Figure N.17 - Test Run PT4, Lower Level Gap Openings 
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Figure N.18 - Test Run PT4, Upper Level Gap Openings 
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Figure N.19 - Test Run PT4, Hinge Rotations 
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Figure N.20 - Test Run PT4, Hysteretic Response 
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Figure N.21 - Test Run PT4, Displaced Shapes and Inertial Force Distributions at Maximum Drift 
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Figure N .22 - Test Run PT4, North Frame, Axial Post-Tensioning Stresses 
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Figure N.23 - Test Run PT4, North Frame, Flexural Post-Tensioning Stresses 
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Measured Dynamic Response during Test Run PT5 

Figure 0.1 - Test Run PT5, Target, Platform and Base Accelerations 
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Figure 0.2 - Test Run PTS, Fourier Amplitude Spectra of Target, Platform and Base Accelerations 
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Figure 0.3 - Test Run PT5, Acceleration Response Spectra 
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Figure 0.4 - Test Run PT5, Displacement Response Spectra 
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Figure 0.5 - Test Run PT5, North Frame Displacements 
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Figure 0.6 - Test Run PT5, South Frame Displacements 
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Figure 0.7 - Test Run PTS, North Frame Accelerations 
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Figure 0.8 - Test Run PT5, Fourier Amplitude Spectra of North Frame Accelerations 
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Figure 0.9 - Test Run PT5, South Frame Accelerations 
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Figure 0.10 - Test Run PT5, Fourier Amplitude Spectra of South Frame Accelerations 
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Figure 0.11 - Test Run PT5, North Frame Shears 
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Figure 0.12 - Test Run PT5, South Frame Shears 
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Figure 0.13 - Test Run PT5, North Frame Moments 
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Figure 0.14 - Test Run PT5, South Frame Moments 
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Figure 0.15 - Test Run PT5, Top Level Longitudinal and Transverse Accelerations 
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Figure 0.16 - Test Run PT5, Fourier Amplitude Spectra of Top Level Accelerations 
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Figure 0.17 - Test Run PT5, Lower Level Gap Openings 
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Figure 0.18 - Test Run PT5, Upper Level Gap Openings 
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Figure 0.19 - Test Run PT5, Hinge Rotations 
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Figure 0.20 - Test Run PT5, Hysteretic Response 
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Figure 0.21 - Test Run PT5, Displaced Shapes and Inertial Force Distributions at Maximum Drift 
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Figure 0.22 - Test Run PT5, North Frame, Axial Post-Tensioning Stresses 
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Figure 0.23 - Test Run PTS, North Frame, Flexural Post-Tensioning Stresses 
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Appendix P 
Measured Dynamic Response during Test Run PT6 
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Figure P.1 - Test Run PT6, Target, Platform and Base Accelerations 
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Figure P.2 - Test Run PT6, Fourier Amplitude Spectra of Target, Platform and Base Accelerations 
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Figure P.3 - Test Run PT6, Acceleration Response Spectra 
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Figure PA - Test Run PT6, Displacement Response Spectra 
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Figure P.5 - Test Run PT6, North Frame Displacements 
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Figure P.6 - Test Run PT6, South Frame Displacements 
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Figure P.? - Test Run PT6, North Frame Accelerations 
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Figure P.8 - Test Run PT6, Fourier Amplitude Spectra of North Frame Accelerations 
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Figure P.9 - Test Run PT6, South Frame Accelerations 
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Figure P.1 0 - Test Run PT6, Fourier Amplitude Spectra of South Frame Accelerations 
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Figure P.11 - Test Run PT6, North Frame Shears 
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Figure P.12 - Test Run PT6, South Frame Shears 
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Figure P.13 - Test Run PT6, North Frame Moments 
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Figure P.14 - Test Run PT6, South Frame Moments 
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Figure P.15 - Test Run PT6, Top Level Longitudinal and Transverse Accelerations 
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Figure P .16 - Test Run PT6, Fourier Amplitude Spectra of Top Level Accelerations 
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Figure P.17 - Test Run PT6, Lower Level Gap Openings 
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Figure P.18 - Test Run PT6, Upper Level Gap Openings 
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Figure P.20 - Test Run PT6, Hysteretic Response 
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Figure P.21 - Test Run PT6, Displaced Shapes and Inertial Force Distributions at Maximum Drift 
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Figure P.22 - Test Run PT6, North Frame, Axial Post-Tensioning Stresses 
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Appendix Q 
Measured Dynamic Response during Free Vibration Run PT1 
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Figure Q.1 - Free Vibration Run PT1, Top Level Displacements and Accelerations 
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Figure 0.2 - Free Vibration Run PT1, Fourier Amplitude Spectra and Filtered Accelerations 
0.2 
Appendix R 
Measured Dynamic Response during Free Vibration Run PT2 
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Figure R.1 - Free Vibration Run PT2, Top Level Displacements and Accelerations 
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Figure R.2 - Free Vibration Run PT2, Fourier Amplitude Spectra and Filtered Accelerations 
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Appendix S 
Measured Dynamic Response during Free Vibration Run PT3 
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Figure S.1 - Free Vibration Run PT3, Top Level Displacements and Accelerations 
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Figure S.2 - Free Vibration Run PT3, Fourier Amplitude Spectra and Filtered Accelerations 
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Measured Dynamic Response during Free Vibration Run PT 4a 
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Figure T.1 - Free Vibration Run PT 4a, Top Level Displacements and Accelerations 
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Figure T.2 - Free Vibration Run PT 4a, Fourier Amplitude Spectra and Filtered Accelerations 
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Measured Dynamic Response during Free Vibration Run PT 4b 
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Figure U.1 - Free Vibration Run PT4b, Top Level Displacements and Accelerations 
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Figure U.2 - Free Vibration Run PT4b, Fourier Amplitude Spectra and Filtered Accelerations 
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Measured Dynamic Response during Free Vibration Run PT5a 

0.48 
024 
0 
E -0.24 g 
C 
-0.48 Q) 
E 
Q) 
0.48 () 
C1:S South 
0.. 
(J) 
0 0.24 
0 
-0.24 
-0.48 
0.06 
North 
0.03 
0 
§ -0.03 
c 
0 
-0.06 ~ 
~ 
Q) 0.06 Q) 
() South 
() 
« 
0.03 
0 
-0.03 
-0.06 
0 2 3 4 
Time (Seconds) 
Figure V.1 - Free Vibration Run PT5a, Top Level Displacements and Accelerations 
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Figure V.2 - Free Vibration Run PT5a, Fourier Amplitude Spectra and Filtered Accelerations 
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Measured Dynamic Response during Free Vibration Run PT5b 
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Figure W.1 - Free Vibration Run PT5b, Top Level Displacements and Accelerations 
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Figure W.2 - Free Vibration Run PT5b, Fourier Amplitude Spectra and Filtered Accelerations 
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Measured Dynamic Response during Free Vibration Test Run PT6 
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Figure X.1 - Free Vibration Run PT6, Top Level Displacements and Accelerations 
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Figure X.2 - Free Vibration Run PT6, Fourier Amplitude Spectra and Filtered Accelerations 
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Measured Behavior of Static Test Specimens 
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Figure Y.1 - Force - Deflection Relationship for Static Test - Specimen DB1 
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Figure Y.2 - Moment - Rotation Relationship for Static Test - Specimen DB1 
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Figure Y.3 - Force - Deflection Relationship for Static Test - Specimen DB2 
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Figure Y.4 - Moment - Rotation Relationship for Static Test - Specimen DB2 
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Figure Y.5 - Force - Deflection Relationship for Static Test - Specimen DB3 
-E 
E 
I 
Z 
...¥:: 
-.., 
t: 
Q) 
E 
o 
~ 
2500 
0.06 0.08 
Rotation (rad) 
Figure Y.6 - Moment - Rotation Relationship for Static Test - Specimen DB3 
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Figure Y.? - Force - Deflection Relationship for Static Test - Specimen DB4 
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Figure Y.B - Moment - Rotation Relationship for Static Test - Specimen DB4 
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Figure Y.9 - Force - Deflection Relationship for Static Test - Specimen DB5 
Figure Y.1 0 - Moment - Rotation Relationship for Static Test - Specimen DB5 
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Figure Y.12 - Moment - Rotation Relationship for Static Test - Specimen PT1 
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Figure Y.13 - Force - Deflection Relationship for Static Test - Specimen PT2 
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Figure Y.14 - Moment - Rotation Relationship for Static Test - Specimen PT2 
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Figure Y.15 - Force - Deflection Relationship for Static Test - Specimen PT3 
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Figure Y.16 - Moment - Rotation Relationship for Static Test - Specimen PT3 
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